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cev’.ew  of  3t*evicus  Research 


■--jio----;  -»*j«-os'  -  -  ,-5c-jm  as  an  'Insulator  is  rel  as'  vely  new, 

-  rz  'O't'3t'0n  IP.  /3CUum  PUbl  ’’ SHfid  'n 
-  -  :  •-;»  --er  ,  •  "tamest  "as  stead'’,/  ’"ncreasad  as  technology 

:i-  (j  -  -«  ,r; ,-'’'te  vacuum  as  an  ’'nsulator.  '/actum  ">as 
„se  ■*  . ac--~  t-ces .  ~' c^-ccwer  switches,  experimental  fusion  de- 
1":  '  2  acca* e^ato rs ,  to  mention  a  few.  Troubles  arise 

'-s-'at'pn  cec3use  of  tne  relative  inability  to  s revent, 
er  success*.'  '  /  crec’ct  *  a  ’  ’  u  re ,  i.e.  breakdown. 

:-ea<;:wr  oetween  two  e'ectrcces  separated  by  vacuum  should 
r  *nen  tnere  is  sufficient  charge  multiplication  within  the  vacuum. 

— 't  ra:  e’ectrocs  seconca ry  emission  processes  do  not  cause  cumula- 
o  —  ; r arced  cart'Cies,  sut*ic'ent  charge  mul ti ol  i cation 
:c  csss' : ' e  '-  t re  ~ean  free  oath  length  of  the  charge  carriers  is 
tran  the  seoaration  distance  between  the  two  electrodes. 

^sec  tr * s  orincible  to  *omul ate  his  law  relating  breakdown 
ece  cetween  caral’e'  electrodes  in  a  background  gas  to  the  product 
a  -  :as's  pressure  and  t re  gap  separation.  In  nitrogen,  which  is  the 
■  -es'cua'  cas  ;n  a  vacuum,  Paschen's  Law  reveals  minimum  gap  break 
c'tace  s-cu'c  occur  at  ?d*i 0*'Torr-cm. ,  where  p  is  the  pressure, 

-s  re  cac  scacinc.  "he  shape  of  the  Paschen  curve  indicates  that 
ss.^e  al.es  to  : re  left  of  the  Paschen  minimum, longer  gaps 


will  breakdown  at  lower  voltages  than  shorter  gaos.  This  ^s  true  *n 
general.  Breakdown  has  been  observed,  however,  even  when  this  orcauct 
is  lower  by  several  orders  of  magnitude.  This  suggests  that  son*  mecha¬ 
nisms  exist,  within  the  inter-electrode  soace,  that  create  charge 
multiplication.  These  mechanisms  are  not  presently  fully  understood, 
but  much  research  has  been  done  to  attempt  to  characterize,  i*  not 
identify,  these  mechanisms. 

"There  are  two  prominent  chenomena  which  ar’se  wnen  the  /oltage 

across  two  electrodes  in  vacuum  is  progressively  increased.  ror  smal'er 

gaos  (<lmm),  a  relatively  steady  current  begins  to  ■'low.  "his  current 

has  been  found  to  be  predominately  due  to  electrons”'-.  ror  ’arge^ 

gaps  (>3mm)  small,  sel f-cuenching  current  pulses  of  charge  coulomos, 

n  ni 

lasting  from  about  50  us  to  several  milliseconds”  -‘.occur.  These  cur¬ 
rent  pulses,  called  microdischarges,  are  found  to  be  primarily  due  to 
Hi! 

ions'-  Existing,  high-voltage,  vacuum  breakdown  theories  attempt 
to  relate  these  and  other  pre-breakdown  phenomena  to  breakdown. 

1 .2  Factors  Which  Affect  Vacuum  Breakdown 
Experimental  investigators  have  revealed  that  there  are  severa* 
factors  that  affect  the  insulation  strength  of  vacuum. 

1.2.1  Conditioning 

r?? 

It  was  first  shown  by  Millikan  and  Sawyer”"*,  and  nas  been  :on- 
r3  4  51 

firmed  by  many  others'-  ’  ’  that  as  a  gap  is  sparked,  ; ts  oreakdown 
voltage  increases  until  it  reaches  a  "plateau".  This  effect  is  known 
as  conditioning.  In  some  cases  it  has  been  observed  that  condi t’ on:ng 


is  not  permanent,  and  if  the  voltage  is  removed  *o r  a  time  or  tne  e’ec- 
trodes  exposed  to  higher  pressures,  then  the  next  breakdown  va’ue 
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cacarate  tne  wor'<  -unct*:n  -non  tne  -*e'o  ennancement  -'actor.  I.nccn- 

s*stenc*es  nay  ar*se  *  -  tne  woi-k  'unction  p-  t.ne  emitt'ng  nater'al 

c-anges , -*u-  or  ’•  grain  oounaaries  ana  role  edges,  ana  not  snaro  oro- 

trus'ons,  are  emitting  sites.'0  ,0  '  The  experimental  nesults  from  tne 

’54’ 

'attar  case  -  *  t  5crctt:<y-  -  em'ss'on  curves.  wn*cn  ored’ct  ’ewer  ore- 
o^*ea<ccwn  amiss* on  tnan  *s  actuary  "easureo  -'or  low  tamoeratures 
3CC33  .  "hese  oi  -^icul  ties  could  be  '•esolved  i  *  the  work  function  of 
t"e  emitting  site  was  measured  incecenoent’.y  and  r-N  analysis  used  to 
cete'— *re  tne  -’eld  ennancement. 

Arot.ner  apparent  orcblem  associated  with  c-.‘i  analysis  is  that  the 
current  actua”/  comes  -’-cm  many  di*-erent  emitters,  '12-4C  per  cm", 
tyc’dal  out  tne  - -N  plot  determines  only  the  average  characteristics  of 
tne  emitter  sur-acs.  3* nee  each  emitter  snould  have  a  di**erent  emitt- 
”*g  area  and  ennancement  -actor,  a  single  linear  .--‘1  plot  would  seem  to 
te”  /ery  l*ttla  quantitatively  about  an  individual  emitting  site. 
rar'-a”. -00-  nas  snown,  newever,  that  for  a  random  selection  of  emitters* 
a  straignt  ’ine  r-'l  plot  *s  quite  conceivable,  te  nas  also  snown  that 
tne  ef-ective  ennancement  factor  measured  from  such  a  olot  is  close  to 
t.nat  o*  tne  sharpest  protrusion  wni’e  the  emitting  area  only  crudely  ao- 
:  rex 'mates  t.nat  o-  tne  same  orotrusion. 

"here  *s  encugn  experimental  evidence  to  snow  that  oreoreakdewn 
tur-ents  are  ma’nly  due  to  *-'e!d  emission,  but  the  role  p*  this  c urgent 
*n  *nduc*ng  /acuum  preaxdown  i s  not  yet  we 1*  defined,  /ar’ous  trecretica 
**odels  nave  oeen  orcoosec  predicting  eit ner  cathode  or  anooe  initiated 
oreaxdown . - -  ’he  tyce  of  theoretica’  nodel  depends  on  the  nature 


vie  orctrusi  on . 


r  oct.r  cases,  oreaxc own 


c"e  crccucvon  a*  "eta  /acor  * n  trie  •  'ccer-gao  -ec'cn  ,<n;cn  causes 

c-arge  nul t’ 3’  - cat' on . 

'.2.-  2atnoce  '.ncucsd  3  re ax down  -'/octhes'5 

2"  “-6  case  zf  cat.noce  ’ncuceG  oreaxdcwn,  ere  nets*  /aocr  -s 

believe*  to  oe  cue  to  excess*/®  nesting  arc  consecuent  "tea'  evaccracic 

•"ten  a  oat.ncde  orotrus’ on  as  a  '•esult  0*  neat' ng  zy  ;ts  own  em'ttea 
-  52  ,56 ,57  ,53 ,59 , 1*7' 

..orient.  *  ne  camcerature  on  ere  protrusion  t* 0  s 

centre* 'ec  0 y  cn^ee  energy  excrange  phenomena: 

'*  resistive  neat’ ng  0*  trie  orotrus’cn  ,due  to  current  f*ow 
t.nrougn  it  ; 

2.  '.ott’ngnam  'electron-tunnel 1  ’ng,  nesting  or  oocl’rg- 
wn'c.o  arises  out  0*  trie  di'^erence  *n  average  energy  0- 
an  electron  outside  trie  metal  -'-err  t.nat  of  an  electron 
w; tnin  the  conduction  band",  and 
.2'  coo*’ng  of  the  protrusion  by  t.nema*  concuction  ana  "ad'a- 
tion. 

3adiaticn  cooling  is  aoout  three  orders  of  magnitude  smaller  tha 

r  ■*<? ' 

conduction  cooling  and  nay  be  neglected.- 

’'ne  temperature  effects  associated  with  field  emission  througn  a 
truncated  cone  protrusion, with  tio  rad' us  r  and  cone  "a;*  angle  -, 
and  tr.rouan  a  cylindrical  protrusion  of  ne’ght  n  with  a  hemis- 


oner-ical  cap  of  -aa'us  r  *ill  oe  discussea. 


ne  steady  state  so  „t'cn 


0*  t ne  oasic  neat  conduction  ecuat'on  *or  a  truncated  cone  *s--: 


/2C .  >/r  ;■ 
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:"e  crco-us '  or  case  temce’-ac.'-e  . 

;  tne  e*~ect'  .-e  tre^a’  '•es ’ s t’  v t/  o*  tne  orctrjs’or 


*  s  t~e  tre'-ra 


t"e  3C  ttmanr  5  constant,  in: 


0  ■'as  tne  same  "ean-nc  as  -n  ecuavon  '.2  . 


~'i  ecuat'or  -5  tne  same  *or  a  c/  '"ncr'ca  t^ct-us’ cr 


1  n  n  t  ^  ^  e  ♦  ^ 


-or;  3  C6C  2j  **  .  ^0  "• 


:a<es  "tc  icccurt  ^s*sv/e 


-eat’ "g  art  t"e  seccrc  t2'“" ,  the  'iottinaham  e^ect.  Nealectina  the  effect 
:*  .ar-afcr  0*  t.nema'  ocncuct' /'  ty  a  ret  -es'se'/'ty  with  tamoeratjre, 
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-or  cctc  ecuacons,  s  .  anc  •  ;s  tne  “'eld  ennancement  “actor. 

•j 

"  ^  ^ 

.r'’*ams  anc  .i’**"arrs*  '  'rc'uced  -es '  stt  /'tv  /ar;at’on  with  temoera- 
t.,re  anc  t"e  "iotC'ncnam  er*ect  ' n  tne’''’  ana'ys'.s.  "heir  exoressions  *or 
necessary  current  tens’ t/  were  smai’er  than  Zhatterton  s  ov  a  constant 


;actcr  “'or  cotn  orctr-us’on  geemetr'es. 
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".2.5  -noae  '."ducec  Breakdown  -ycct"es's 

~'~e  tnema"  orocesses  tnat  control  ancce  ’ncuced  /acuum  orea^ccwn 
are  ancce  soot  "eat' "c  caused  oy  •• e " a-emi ss’ on  cu^-ents  ana  :oo:'nc 
tv  corcuct'or  f'rcucn  tne  e'ectrcce  anc  'ts  SuOCC"t.  ”"e  f*e'  d-em'  ttec 


a"  ect-c"  tea"  t "  a  *  starts  -'-or  a  catncce  o^ct^us'cr  sc-eads  as  '  t  tra- 
■  e’-ses  tne  sac.  ~"e  tear  -ac’^s  at  t"e  arcce,  :J,  'S  t'ven  as:- 


A.  =  2 ( d £ r ) 


(1.11) 


.^riere  -•  is  as  te-ired  earlier  -or  doth  a  truncated  ccns  and  cylindrical 
catrcde  orotrusicn.  “he  electron  team  would  thus  have  a  power  density 


.  given  o y: 


W  ▼ 

w  =  1 . 

3  -R.2 


(1.12) 


Combining  (1.11)  and  (1.12),  ana  assuming  a  semi -infinite  olane  model 
-or  tne  electrode  .with  the  assumption  that  the  back  sur-ace  of  the  anode 

r-gj 

-"“mains  at  the  ambient  temoerature,  Charbonnier,  et  al have  derived 
tne  maximum  cower  density  from  the  maximum  permissible  temperature  rise 
at  the  anode.  Their  calculations  consider  anode  temperature  rise  cor- 
-"esponding  to  currents  of  different  durations  by  defining  two  characte¬ 
ristic  times,  t.j  and  t«  given  by: 


•  (ybf 

t,  *  (R./b}2  . 


(1.13) 

(l.U) 


where  3  is  the  effective  electron  cenetration  deDth  in  the  anode 
material,  R,  is  given  by  equation  (1.11),  and  b  is  defined  by: 

3 


b~  =  2K/c  o 


(1.15) 


wnere  <  is  the  tnermal-  conducti vi ty ,  c  is  the  specific  heat,  and  c  is 
the  anode  material  density. 

Accordingly,  for  pulses  of  di-^erent  durations,  the  anode 


7r«i 

\  k  ' 


’"'•mm'  • 


temperature  rise,  aT,  is  given  by: 

-T  3  Wat/{^r::)  t  <  %  ,  '-'a 

-T  3  W,c2/(t<c=) t<t2,  and  'M’ 

AT  *  Wa^/K  ,  t  >  t,  .  '  3 


Furthermore,  defining  W^.  as  the  critical  cower  density  corresoonding 

to  the  temperature  at  which  thermal  instability,  i.e.,  me'ting,  :ccurs, 

the  value  of  electric  field  enhancement  at  the  cathoae,  ;  ,  wnich 

o 

distinguishes  cathode  and  anode  induced  breakdowns  is  given  as: 


;r  J  £  /4W 
c  c  c 


1.13' 


where  J  and  E  are  the  critical  current  density  and  field,  respectively , 

v# 

above  which  cathode  protrusion  evaporation  begins.  Cathode  induced 
vacuum  breakdown  is  more  probable  for  ->SQ»  while  anode  induced  break¬ 
down  is  more  probable  for  3<30-  Similar  conclusions  have  been  reached 
by  Chatterton^^  and  Utsumi.L°7" 

Thus,  the  hypothesis  of  field  emission  induced  vacuum  breakdown 

T67T 

is  well  founded  for  at  least  small  gaps.  J  This  hypothesis  is  based  on 

the  attainment  of  a  critical  temperature  at  one  of  the  electrode  surfaces 

,  F73'1 

While  this  appears  to  be  a  necessary  condition  for  breakdown1-  ■*,  it  has 

T7dl 

been  shown  not  to  be  a  sufficient  condition  for  breakdown.1-  - 

An  alternate  mechanism  proposed  by  Boyle  *  et  al  .l  j  suggests  that 
the  collective  space  charge  of  ions  produced  by  emission  currents  leads 
to  an  avalanche  of  charge  multiplication  and  hence,  vacuum  breakdown. 

The  sequence  of  events  that  occurs  after  the  onset  of  field 


emission  needs  further  experimental  investigation.  *he  final, major 
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•e'os  j:  camoce  oromus •  ons  to  ta^se  mam?  -*ow  oemre  *t- 


i  :u  amors  a  sc 


:ate  carve  a  ~e  mm  arc  :as  descrcvcr 


----  me  carnote  -use  occ-r.  -e  not  area'::  *reme"  :r  -ct  mese 

::-  r  •  ms  eac  to  msmarce.  ‘‘enen  alsc  assured  mmcer  o  ’  sen  are  a 

ca'Vc'e  re’mng  and  cred'ctec  o reax  ocwn  /o’ cage  /e^sas  gac  soacing 

•  -  -%  ^ 

ernes  *m  oa-ve’es  o*  m**erent  '•ad-1'.-30*  ’■'"esa  o^eel efions  agreed 

* - 3  /«  - 

•e  '  -•*."  me  'esulcs  o-  omers.-  '~°- 

m^ex-cnc/  arc  Sc'o/yev-'"*  orooosed  a  tvgeer  mscra^ge  oreaxdown 

*  i  - 

-et-an-sr  s-m’ar  to  “mat  O"  S^accerton- ?  -  to  exolain  trigger  discharge 
::-.r  o^eaxccwr  vme  ’ags.  :  reax  down  is  oroccsed  to  occur  as  the  oarti- 

:  a  ccmcas  : **  me  a'ecmcce  sm-'aca  a^tar  i-,cact. 

'■*'  mooary  o’  e  "hecrv  o*  Sav's  and  3rond; 


.a/'s  anc 


:1  One  *  -  lav 


e  aevelcDed  a  theory  to  exo’ain  the 


mea»dcwr  :*  a  /acuum  :ao  that  relates  breakdown  to  mi  crooarticl es  and 
•  a':  ar'jj’on.  ^c:crd*ng  to  this  theory,  ore-breakdown  '’eld  emission 
cm-e^ts  i-on  a  tatrode  orotrusion  'eat  an  anode  surface  region  to  a 
m*m:a'  temperature  such  that  the  y’eld  stress  of  the  anode  r.ater’al  is 
ao. a'  to  tne  *’drce  o*  the  acomed  **'eld.  -  ocs'tively  charged  v  cro¬ 

cary  d'e  s  men  detached  erom  the  anode  iot  spot  and  evaporated  during 


cs  mans 


me  oatnode  bv  electron  bombardment  mom  the  same  catncoe 


mot 'us' or  *n*:o  caused  tre  mm*  a*  anoce  soot  nee  ting,  m  sut*r*  c4  ent 


'earn'd  me  evaocrat'on  m  the  ni trocar* 


taxes  d  ace  bur  mg  its 


mi's**.,  *me  dens'ty  o"  metal  /aoor-  in  the  /icinity  of  tne  nicrooartic ;e 
:e::',es  sum  that  :umulav/e  a/a’anche  amol ijr' cation  o*  orebreaKdown 
:m-ent  occurs. 

*'e  authors  detected  'eutra’  anode  /accr  m  the  interelectrode 
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/o' ume  irjneo1 ate !y  or' or  to  breaxcown.-  "'■»  ’hey  also  calculated  the 
ccncit'ons  leading  to  toe  detacment  of  the  microoarticle  “y'cm  the  anode, 
oer'  ;ea  toe  m'crooarticle' s  transit  dynamics  arc  the  temoerature  It  at¬ 
tains  during  transit,  ana  detained  expressions  for  the  pre-oreakdown 

~7 

/apor  density  distribution.'  - 

1 . 5  2i screoancies  of  the  Theories  of  Microparticle  Initiated 
Breakdown 

MicroDartic!e  initiated  breakdown  is  the  only  mechanism  that  has 
peen  orocosed  to  explain  vacuum  breakdown  of  long  ,  high  voltage,  qaps 
(>10mm).  However,  various  aspects  of  the  many  possible  theories  need  clarifi¬ 
cation. 

“he  ’clumo"  hyoothesis  out  forward  by  Cranberg  was  based  on  tne 
data  O'  several  investigators  over  a  large  range  of  voltages  and  gaps.  The 
comoarison  of  such  varied  data  to  form  a  single  model  could  lead  to  wrong 
conclusions,  furthermore,  his  model  has  very  little  theoretical  backing. 

Slivkov's  breakdown  model  may  also  be  questioned.  He  assumes  that 
all  of  the  kinetic  energy  of  the  microparti  cl  3  goes  into  neatina  the 
microparticle,  and  thus  there  is  no  target  electrode  heating.  Also, sub¬ 
stitution  of  numerical  values  of  the  quantities  in  his  expressions  for 

particle  radius,  eauations  (1.25)  and  (1.26),  yield  radius  values  in  the 
-9 

12  m  ranae.-  J  “he  values  obtained  for  R  „  and  R.„  are  not  only 
very  small,  they. also  nearly  overlaQ.  Thus  Slivkov '  s  model,  suggests 
breakdown  is  oossible  -or  a  very  limited  range  of  very  small  particle 
s’zes.  Using  Slivkov! s  model  one  coula  conclude  that  only  ten  iron 

_  3 

atoms  (R*. 12x10  m;  would  be  sufficient  to  cause  breakdown. 

“he  existence  of  the  trigger  discharge  mechanisms  of  Glandzkaya, 
Martynov  ,  et  a  1,  are  well  documented  ‘or  artificial  nrcrooarticles ,  but 
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•■'nere  h  '3  ere  brotrusion  heignt,  r  the  sphere  radius,  and 


"sse  '^reuiae  suggest  oarticia  velocities  an  order  of  magnitude  higher 
tran  trcse  predicted  by  the  sphere  plane  model. 

Greater  particle  veloci ties  .necessary  for  impact  damage,  may  also  be 
acnieved  by  particle  bouncing  and  charge  exchange  between  the  electrodes. 

'‘his  phenomenon  has  been  demonstrated  using  artificial  microparticles .  £97,136] 
Bouncing  or  charge  reversal  has  been  found  to  occur  in  less  than  10%  of 
impact  events  and  the  velocities  thus  achieved  are  limited  by  electrode 

rggl 

oxide  layer  thickness.  Therefore,  charge  reversal  is  thought  to  occur 

[98] 

by  an  electron  tunnelling  mechanism  rather  than  by  direct  ohmic  conduction. 

[991 

Hurley  and  Parnell1  J  have  considered  the  case  of  a  microparticle 
which  is  itself  field  emitting.  Microparticle  velocities  may  be  increased 
or  decreased  by  self-field  emission.  The  proposed  theories  for  achieving 
impact  damage  velocities  for  small  microparticles ,  and  the  possible  situa¬ 
tions  under  which  large  particles  might  be  accelerated  to  these  velocities 
have  been  considered.  The  mechanisms  of  crater  formation  may  now  be  con¬ 
sidered,  where  crater  formation  enhances  field  emitted  currents  which  can 
lead  to  breakdown.  This  phenomenon  is  very  complex.  Crater  dimensions 

increase  with  particle  velocity.  The  exact  increase  is  dependent  upon  the 
velocity  of  sound,  v$ ,  in  the  target  material.  Microparticle  density  and 
geometry  also  influence  crater  size.  Typical  craters  are  hemispherical 

in  shape  surrounded  by  a  "lip"  which  gives  the  appearance  of  having  been 
sp'ashed  out  of  the  crater.  Most  of  the  ejected  material  is  target  material. 
Such  crater  "lips"  could  act  as  emitting  sites,  and  additionally,  impact 
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could  generate  some  metal  vapor  in  the  neighborhood  of  the  crater.  Local 
pressure  build-up  in  the  vicinity  of  these  emitting  sites  could  lead  to 
trigger  discharges . 

Investigations  concerning  the  phenomena  of  intermediate-veloci ty 
(100m/s<v<vs )  impact  by  micron-sized  particles  (<3um  typical)  on  metallic 
targets  have  revealed  that  impact  is  followed  by  the  production  of  a 
plasma.  £90,101]  p-]asma  has  been  founcj  £0  consist  primarily  of  micro¬ 
particle  material.  Expressions  for  the  total  plasma  charqe  have  been 
formulated,  but  a  correlation  between  this  plasma  generation  and  vacuum 
breakdown  was  not  attempted. 

Electrode  impact  of  ultrahign  velocity (v>v$)  particles(<.01um  typical) 
causes  more  or  less  the  same  type  of  crater  damage  as  seen  for  inter¬ 
mediate  and  nigh  velocity  particle  impacts/90*102^  Evaporation  of  such 

particles  can  lead  to  the  creation  of  only  an  insignificant  amount  of 

,  -  .  ,  f  QQl  Tin?! 

metal  vapor  rrcm  the  particle1-  -  and  rrom  the  electrode.-  J  ~hus, 

ultrahigh  velocity  particle  impact  produces  an  insignificant  amount  of 
vapor  to  contribute  to  vacuum  breakdown  .  Their  presence  should .therefore,  not 
affect  the  insulation  strength  of  a  vacuum  gap.1-90- 

The  above  discussion  suggests  the  presence  of  microparticles  o~ 
radii  greater  than  about  .01 ym  can  be  detrimental  to  the  insulation 
strength  of  a  dc  vacuum  gap.  While  large  particles  '>10um'  seem  to  'in¬ 
duce  breakdown  by  way  of  a  trigger  discharge,  smaller  particles  <3um 
may  initiate  breakdown  because  of  effects  associated  with  impact.  ~'r,e 
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irci-ir  <«'/  '  •  *.t  »  *f<  'as  :•«'*  *ecf*sc  f  *~e  sfe-ft-  ;* 
a;--r  gacs  .nee-  a  te'—af *g  .c'tace  •  f  s  la'*-:'’""'  i~c«ec 

fat  :<»■*  a  "tec  e’ecftce  seca-af  ;r .  :«  ;«  --t*.  •-  ;'c"f  ,ao-jr. 

fe  -a'.e  f  f  e  :c  c-eaiccwn  . c '  tace  •;  '  far  f  e  cea*  ac  33  *:  break* 
down  voltage  for  several  different  electrode  eetenals.  One  investigation,^104^ 
however,  has  neoorted  that,  for  a  single  gap  spacing  of  2.12  e»,  using 
stee  *'  ecfcces .  fe  ac  33  crea*ccwr  .c'ca^ge  s  '  ewe** 
far  fe  :c  ^a'-e  at  a  fess-*-*  :*  5*  3*' 

*a:xar  anc  tcre** *" *  :  ensue tec  axte^s  e  tests  .s*nc  sevens' 
a'ecftse  "ate^a's  arc  ccnc’.cec  fat.  *f  t~e  ;a:  -fee  :rf  '3  -  3.32nm 
arc  f  e  pressure  -mce  '3*c*3  *  '  3  *  ‘ "  f  - ,  fe  ac  :C  -*2  :r»antown 
strength  s  a'  .«ays  greater  fan  *f e  :c  st-engf  ^t  f*ssu,*es  *nere  fe 
fea<ccwr  /t'tace  s  * ■,cesence*-t  : *  gas  ftss-'e  >*/  *n  *fe  c^ss^re 
-arce  arrurc  ‘3  '  * f .  ^ne'-e  :c  :r«aR3cv»r  /c'tage  ra*--*a  cccf ,  s  ac 
53  -c  feaoewri  sferctr  ’  rwe*"  far  :c  sfengf. 

-rct"f  :**-a-e»*ce  cet^ee**  ccwe*'  '-ecuerc.-  a:  .  :'*ace  :'-ea*ecwc 
arc  :c  fea*:cwr  •>  that  the  one-oreafcdown  current  * or  power  ^’■'equency 
53  53  -z  acr'^ec  .c'tace  ;  *  :-e-  far  fat  «•*-  :c  acc 
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m- s  is  rest-  mac  e-  2'sr:e'-g,ac  a’ mf*  me  c-ccam'  :*  a  m®a<- 
:cwr  -/cct-es's.  -ac<.an  arc  ccher-'-'-  -•ccrced  a.es  :*  .  between 
:  me  5”,  cedente^c  „ocr  a'ecc-cae  ■"ate'"!'.  <•  :ac  secarat'ons 

1?.  em  '*  me  -area  .'2  -  -m  m-  :n  -ay  :e  coo  sma"  to 

'  ’  'C  ' 

ass -me  -*  e-Gcart’ a  ,'**cwatec  ar®a<ocwn.  -"an  and  3ordo'oi* 
m-ceo  /a' -es  a*  aeCxeen  .’3  ana  .35,  agam  -or  sma"  gaps  ..  ’  -  .3ff 
»r-;-  ecmcares  *i;craoly  t-  me  /a'-e  gf  *ound  ay  assuming  *ie1d 

*59'  ' ' 'c ' 

arvssmn  areakaown-.  -  -"an  anc  3orco'o*'  a’so  determned  that  a 
mea^-own  em-ents  ecu’:  :e  oesemaeo  ay  the  rcwler-Ncrdhei"i  ’_aw,  and 
i-ggested  mat,  -or  me’-  snort  gacs.  areakaown  *as  'laid  emission 
1 fated,  -na*/$is  ay  -uscon  '  -?a s  snowed  that  tre  differences 

:et ^een  »c  53  and  5C  -z  ana  :c  areakaown  cannot  ae  exai aired  an  tne 
:ass  z*  the  t'xe  aemoo  a*  the  ac  /oltaae.  iccitiona’ meoohilus, 

*  •  -c  * 

»t  ai,*  *  *  -a/®  *aunc  tnat  the  ac  ar®-or®a<acwn  e'ectrode  oicroorojec- 
:*:n s  ;  -“®r  ■  o  rumae**.  s.-are,  anc  distr’Outian  *>*cn  mesa  mr-’ea  ay 
:c  -a 'cages. 

•'av®  aeen  r*w  -1  c"- /ci cage  ac  /ac-jum  oraaxdown  studies  at 
•'••cuerces  ather  mar  aewe**  --ecuenc'es  53  or  50  -*z'.  -ac:<amtec 
i  ■  "* *  a^e  -esc -tea  mac  m**  '*as  jo  to  2  ""m,  the-'e  ’  s  "o  de- 
:eroence  :*  area* down  / o' case  or  -*-«cuenc/ .m  the  '-anoe  50  to 
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■  5  3ul  sed  .'o' cage  .'acuum  S^eaxdcwn 
i-  '  I-t-Qflucf  sn 

’ary  s:-,d*ss  *ave  attempted  to  s-aracta*-’  :e  one  oenavor  /acuun 
:acs  -roe'"  t"e  ’  r*'  ..erce  o*‘  ou'sed  *v  s'*  /c'tace  exc‘ taf  ons .  '"ese 
>‘-A' *s  a1"*  "’ecessary  to  :'a,*'*y  preaxdown  -ec^arrsns  and  to  cnaracte''’ ze 
t“0  dderat"or  o"  dev  :ss  tnat  «*tner  operate  us-'^g  pulsed  /c’taces  or 
axoe-'ence  ou'sed  /o! cages  during  operation.  levies  that  operate  jnder 
ou'sec  /o'tages  *n  /acuur  vnclude  <lystrons  and  diodes  used  in  nigh- 
energy  particle  team  accelerators. 

-urge  ar^stors,  which  are  used  oy  the  power  ’ndustry  to  prevent 
’■gnterrng  damage,  are  tyoical  examples  o*  devices  that  nay  experience 
pulsed  /ol Cages  during  poeration. 

’•3.2  delation  3e tween  Sap  Length  and  Breakdown  Voltage 
A  vacuum  gap,  in  general,  can  withstand  significantly  higher  field 
strengths  under  pulsed  voltages  than  either  continuous  or  alternating 
/outages.  ”he  notable  exceotion  occurs  in  tne  pressure  range  of 

-2  , _  " 75 - 

-12  'or*-.  2enno1m~v  -  •*>st  determined  this  *act  by  studying  t.ne* 

oer-omance  3*  small  gaos  (.1  -  1  mm)  under  pulsed,  continuous,  and 
alternating  /oltages  in  a  vacuum  of  lC’°""orr.  He  found  the  breakdown 
/dtage  obtained  using  a  12.s  rise,  5Cus  decay  oulse  was  aooroximately 
double  the  dc  value. 


_ee.  jsmc  'onoer  japs,  demonstrated  a  doubling  gf  gperatma 
stress  between  3c  ana  snorter  pu’ses  naving  durations  on  tne  order  of 

"  ’  ->a  ■> 

'2  .s  *  "  -  -*e  derived  an  emoi’-’cal  relationship  *or  this  nulse  dura- 
*  ’ on ,  •-e'at’na  tne  breakdown  voltage,  V.  to  the  aao  ^enath,  d,  given 
Oy- 

V  *  C  j  4  volts,  (1.34) 

wnere  C*6x1Q8,  i».8,  and  d  is  in  meters.  Other  investigators  have  found 

similar  results  *or  various  qap  lenghts,  and  pulse  durations.  Using  a 

rl  091 

pulse  of  risetime  .3ls,  Parkins^  -  found  g  to  be  .54  and  .5,  respec¬ 
tively,  for  copper  and  tungsten  electrode  gaps,  with  d  in  the  range  of 
. 1  to  2  urn.  Leader1-  J  found  j.  to  be  .73  for  20  mm  diameter  sphere 
electrodes  and  d  between  .04  and  .3  mm  for  a  1.5x70us  pulse  (risetime  of 
1.5us,*and  decay  time  of  70us).  Rozanova  and  Granovski i ^  ^  studied 
breakdown  in  a  vacuum  gap  formed  by  a  10  mm  diameter  anode  disk  and  a 
10  nw  hemisphere  under  the  influence  of  a  pulse  with  decay  time  of 
.  125us.  They  found  that  a  depends  upon  electrode  material,  for  d  in  the 
range.  .2-1  mm.  Using  a  1.5x40ys  impulse,  Slivkov^88-^  found  a  to  range 
between  .36  and  .92  for  various  combinations  of  planar  and  spherical 
steel  electrodes  with  d  between  1  and  10  mm.  Nandagopal^^  measured 
breakdown  voltage  of  a  point-plane  gap  for  d  between  1  and  12  mm  and 
found  a  *  .5  for  a  1.5x50us  pulsed  excitation.  Note  that  most  of  the 
above  results  are  similar  to  dc  results  for  short  gaps,^-69^  indicative 
of  field  emission  breakdown  initiation,  and  longer  aaps,^8,88^  charac¬ 
teristic  of  discharge  initiation  by  microparticles. 

1.9.3  Parameters  of  Pulsed  Vacuum  Breakdown 

Several  investigators,  most  of  them  Russian,  have  attempted  to 
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as3*~c/  arc  es-ats*  •  -a.e  :orc„c:ec  ace- — ems  :.;  -eas^re 
me  f~e  to  meandcwr  arc  me  'O'tage  m'-  : ■  _es  it  orearsown  *or 
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/e-?  :  •  3  a  ocnstanc  cecercert  ascr  a  ecmoce  -ate'"' a  and  a  ectron 
oeremamon  deem.  am  .  ;5  '3  me  Dulsed  breakdown  voltage.  They  also  measured 
.o’tace  ‘a’"  mnes  at  oreaxdown  arc  -ound  tr.e**e  ■•'as  an  mcrease  *n  **j’  • 
v-’e  wi m  mcreasing  ove^- /o'  tace  -amo  *•:  :*v.-  *or  cul  sea/V;9  -or  dc  . 

w  J  «  kj 

“his  is  contrast  to  a  recuction  in  all  tme  .■<itn  mc-ease  in  3  *o r 
gas  gacs. 

'•  i 

<assi,"Ov  and  Koralchuk*'  nave  obtained  gao  breakdown  data 
using  oulse  nsetimes  of  -ns.  “hey  'bund  t.nat  the  breakdown  delay, 
decreased  as  axcitaticn  voltage  ’ncreased.  “hey  also  obtained  the  de- 
oendence  of  T  on  the  over-voltage  ratio  5.  "heir  results  show  that  T 
decreases  with  3,  and  “  is  very  deoendent  on  naD  :ength  for  small  i  but 
'•elatively  mdeoendent  of  gao  length  ffo r  lame  3. 

Calyatskii,  <assircv,  and  Smirnov  studied  oulsed  vacuum  gao 

"1 1  jt 


breakdown  *or  . o  _s  risetime  ouisesm 


”ney  discovered  a  conditioning 


efXect  *or  imoulse  voltages,  and  showed  that  oulsed  gao  breakdown  vo’tage 
is  indecendent  of  res' dual  :as  ores  sure  over  the  ranoe  5  <  lj",3“or’- 


<alyatskii  and  Kassirov'  mve  conducted  exoeriments  to  de¬ 
termine  the  e***ect  of  electrode  mate^’a!  on  the  oulsed  strencth  o*  a 
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. ac-um  gao.  ’~e  axctat'cn  source  *>ao  a  -rT'mum  r:set*me  o*  ,2_s. 

■■a--  -esu'cs  ' "cr cate : 

ere  gao  oreaxdown  cel a/  ceoencs  on  a'actroae  mater* a'  ana 
■no*eases  x’t.n  material  necranical  strenatn. 

_  cne  delay  time  to  oreakdown  depends  on  trie  anode  material, 

3,  the  temporal  'orm  a*  the  oredischarge  /oltage  deoends  on 
t"e  cathode  mater*  al  . 

<alyatsk;*',  <assirov,  Smirnov,  and  r**o1ov  nave  conducted  oulsed 

r1  ’  6' 

:rea.<dcwn  experiments  us'ng  nanosecond  risettme  excitations.*  *  "hey 
s-owed  t.nat  oreakdown  /oltage  decreases  is  T  increases.  Thus,  *or  a 
c'-en  gap,  the  snorter  cne  oulse  lengt.n  the  larger  the  sel ’-breakdown 
/o’ tage. 


.10  „ong  3u1se  ;>*ns)  Voltage  Vacuum  Breakdown  Hypothesis 


1.13.1  Introduction 

:ar-all  made  one  of  the  first  attemots  to  exDlain  the  initiation 


"1 1 T’ 

o*  oulsed  /oltage  breakdown. - 


he  assumed  microparticles  to 


oe  the  initiating  factor  for  long-gap  oulsed  breakdown  and  derived  a 
oreaxdown  criterion  based  on  voltage  rise  type.  According  to  car<-al1 , 
applying  a  pulse  of  constant  rise  rate  should  result  in  a  gap  breakdown 
voltage  wnich  deoends  upon  the  5/5  oower  of  gap  spacing  d.  Moreover, 
oreaxdown  /oltage  snould  be  related  to  the  5/2  power  of  d  *cr  gap  im¬ 
pulse  /oltages  with  constant  r’setime.  This  hypothesis  has  little  ex- 

rl  1 87 

oerimental  supoort.  "he  experimental  results  of  Wijker.1*  *  and  even 

fnci 

the  results  of  Hennolm,-  ”•*  wnich  were  used  in  formulating  this  hyDothesis, 
to  not  agree  wit.n  car-airs  conclusions. 

•xoerimental  results  seem  to  support  oreakdown  mechanisms  which 
are  gao  lengtn  and  pulse  length  dependent,  and  not  voltage  rise  de- 


oenaent.  D'ots  c*  o'-eaxccwn  ce'ay  *.’mes  .e^s  gao  soac'ng-  *- 

anc  :  -  J'  suggest  a  ocss'ole  creaxo cwn  ~ec*,an'sm  change  a"  :*.:  mr 

*or  /e^y  snc  rt  gaos  <'-r  .  :eSu’C3  *::•*  ’anger  gaos  !  ’  <-  c  <  ’  2rm  sug- 

* ' '  i' 

;est  a  mecran*  sm  orange  a:  "  2“in .  - 

Suggested  vacuum  gao  creaxdcwn  mecnan'sms  *or  long  '>msec.' 
culsed  excitations  include:  (1  ]  ion  exchange;  :  2!  cathode  projection 
/aoor-cat'on  oy  emission  ;  .3'  anooe  /aocr' zati on  by  -*e’b  em's- 

s'on  ;  and  'A'  mi crooart' cle  discharge  initiation. 

1 .30.2  Ion  Exchange  Hypothesis 

*Mq' 

Smith  and  Mason*'  -  have  examined  tre  :moulse  breaxdcwn  r‘  a  2 

7 

cm  gao  between  large  stainless  steel  electrodes  ;=2CC0  cm“),at'a 
o^essure  of  2xlC’°7orr.  "he  applied  waveform  had  a  -Jus  risetine  and  a 
d’sc.narge  time  constant  of  5ms.  Breakdown  occurred  at  290  '<7*  The 
investigators  noted  three  tyoes  of  breakdown: 

a  snarp,  complete  breakdown  with  voltage  collapse  taking 
less  than  !u$  and  with  a  time  lag  averaging  about  2A  us. 

A  *ew  time  lags  were  less  than  A  us  ; 

(2)  an  incomplete  breakdown  characterized  by  a  smooth  drop 
of  about  100  kV  over  a  period  of  10  us.  The  voltage 

fall  slooe  corresponded  to  an  initial  discharge  current  of 
20  amoeres  followed  by  a  flow  of  3  amperes  near  the  end 
of  the  voltage  collaose.  This  was  accompanied  by  a 
pressure  increase  to  about  1 .5xl0’JTorr  ; 

(3)  a  combination  of  (1)  and  (2),  beginning  as  (2)  and  char.g- 
i ng  to  ( 1 ) . 


The  breakdown  described  in  (1)  is  seen  as  a  bright  localized 
spark,  wnereas  that  in  (2)  is  a  dirfuse,  glow-like  discharge.  In  later 
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oaoers,-  the  *nvesti  gators  state  tne  breakdown  mechanism  ;  s 

;  on  exchange  w’  cm  tne  sane  oreaxdcwn  ;,**ce,-'tn  as  tne  tc  :asa. 

'•’3.3  Anpge  ana  3atnoce  .  accr- zat* tn  and  '•’ictoarvc’e 
Initiation  -ypotneses 

j')', 

Aonrbacn* 1  -  ?as  studied  the  ’moulse  breakdown  between  titanium 

3  .3 

electrcces  o*  area  SC  cm-  at  a  pressure  o-  10  or’-.  A  ACC  k 7  oulse, 

nav;ng  a  r-setime  or  ’ 30  ns  and  a  decay  time  tonstant  of  132  ms, was 
superimposed  on  a  3C0  <7  dc  /outage  to  supply  a  total  oossible  oulse 
magnitude  of  7QC  k 7.  Some  50,300  measurements  ,invol ving  3C00  dis- 
t"arges  between  the  electrodes,  were  taxer.  "he  measurements  were 
analyzed  by  comouter  to  give  breakdown  orobaDility  and  time  lag  at  dir- 
-erent  gao  lengths  and  total  applied  voltage. 

At  gap  lengths  less  than  9  mm  .plots  of  breakdown  voltage  versus 
gao  spacing  followed  Fowler-Nordheim  plots.  At  gap  lengths  between  9 
and  10  mm, there  was  a  transition  region,  after  which  (for  longer  gaps) 
the  breakdown  field  fell  significantly. 

Analysis  of  the  time  lag  distributions  of  Rohrbach1 s  data  sug¬ 
gest  the  existence  of  three  breakdown  initiation  mechanisms: 

(1)  very  short  time  lags  (.1  -  1.0  us),  independent  of 
voltage  and  gap  length,  are  characteri Stic  of  cathode 
.microprojection  vaporization.  The  calculated  heights 
of  these  projections  are  between  A  and  1.2  urn; 

(2)  very  long  time  lags  (mil i seconds ) ,  linearly  dependent 
upon  gao  spacing  are  characteristic  of  the  vaporization 

of  anode  microorojections  of  heights  between  .2  and  2.0  urn; 

(3)  intermediate  time  lags  (1  -  100  us)  are  characteristic  of 
discharge  initiation  by  microparticles. 
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4onroacr  penned  tne  transition  gap  region  as:  the  gap  region  where 
tne  tnree  mechanisms  are  most  1 '" < e  1  y  to  occur  simultaneously  at  a 
/o' cage  close  to  tne  be  breakdown  /oltage. 

1.11  Short  Pulse  I<  -s)  Voltage  Vacuum  Breakdown  Hypotheses 

1.11.1  Introduction 

Suggested  vacuum  gap  breakdown  mechanisms  *or  short  (<us)  oulsed 
excitations  'ncluce:  (1)  electron  induced  anode  ions,  for  long  gaDS , 
and  'V,  cathode  emitted  electrons  and  subsequent  explosion  of  the 
emitting  site  for  short  gaps. 


1.11.2  ^node  Ion  Hypothesis  for  Long  Saps 

Milton-'"  J  used  a  low  impedence,  50  nanosecond  pulse  generator  to 
investigate  the  time  correlation  between  prebreakdown  current  and  voltage 
in  a  1.27  cm  vacuum  gap.  The  excitation  duration  was  controlled  so  that 
it  was  similar  to  transit  times  for  ions  in  the  gap.  It  was  shown  that 
-ive  separata  stages  exist  prior  to  and  including  the  initial  part  of  the 
breakdown.  The  time  stages  are: 

(1)  a  quiet  initial  stage  where  the  voltage  rises  but  no 
predischarge  current  exists; 

(2)  a  period  of  time  in  which  a  series  of  microdischarges 
are  present.  The  microdischarges  are  not  reproducible 
and  apparently  do  not  play  a  vital  or  necessary  role 
in  breakdown; 

(3)  a  period  of  time  during  which  the  current  is  not  space  charge 
controlled  and  is  exponentially  related  to  the  voltage,  as 
predicted  by  cathode  field  emission  theory  ; 

(4)  a  stage  during  which  the  current-vol tage  relationship  is 
space  charge  controlled,  as  predicted  by  both  the  field 


emission  equations  and  the  Chi Id-Langmui r  relationshio  ;  and 
(5)  a  final  stage  where  the  current  becomes  sustaining  at  a 
high  level  even  trough  the  voltage  has  drooped  by  an  order 
of  magnitude,  "his  stage  appears  to  be  time  deoendent. 

The  elapsed  time  to  this  stage  is  deoendent  upon  the  rise¬ 
time  of  the  aoplied  voltage  and  the  gao  spacing. 

Milton  theorized,  based  upon  his  results,  that  electron  induced 
anode  ions  caused  electrical  breakdown  as  a  conseauence  of  receneration 
effects  near  the  cathode  after  anode  ion  arrival.  His  results  show  that 
greater  than  10"  of  the  metal  atoms  vaporized  from  the  anode  are  ion-! zed 
in  the  intergap  region.  He  also  states  that  the  time  to  sustaining  cur¬ 
rent  (breakdown)  can  be  oredicted  if  the  mass  to  charge  ratio  of  the 
accelerating  ions  are  made.  Milton  didnot,  however,  make  this  measure¬ 
ment. 

1.11.3  Cathode  Explosive  Emission  Hypothesis 

Vacuum  gap  breakdowns  a  result  of  short  (<us)  impulses*  is 

associated  with  the  explosion  of  microscoDic  projections  on  the  cathode 

surface  and  the  progress  of  the  resultant  plasma  flare  across  the  gap. 
n  2al 

MesyatsL  J  has  shown  this  process  occurring.together  with  a  correspond 
ing  current  growth  associated  with  electron  emission  from  the  plasma 
flare,  "he  term  "exolosive  emission"  has  been  coined  *or  this  current 

the  flare,  and  at  least  one  study  has  attempted-  to  characterize 

r12cl 

these  emissions.”  J 

"he  soeed  with  which  the  vacuum  gap  breaks  down.wnen  suoject  to 


oulsed  overvoltages  'and  also  in  many  dc  voltage  cases;. is  determined  by 
the  velocity  of  the  cathode  flare  as  it  moves  toward  the  anode.  This 
speed  has  been  measured  *or  several  cathode  materials  to  oe  in  the  ^ange 
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si)  electron  emitting  microprotrusions  are  destroyed  oy  ex- 
olosions  caused  by  nigh  electron  current  densities,  and 
that  new  ootential  exolosion  sites  can  be  £ormed  *n 
nanoseconds  ; 

’2)  melting  occurs  at  the  explosion  site  but  no  craters  are 
immediately  formed ;  and 

'3)  only  after  2-5  ns  is  tnere  electrode  cratering  with  the 
"ormaticn  of  droplets  and  micropoints  at  the  crater 
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ou’ar,  measurements  of  tire  delay  to  breakdown  as  a  function  of  cathode 
er'sson  ,'ootn  electronic  and  ricroDarticle)  characteristics  are  re¬ 
cused.  Acditicnally,  existing  initiation  models  need  to  be  extended 
:c  rover  not  only  the  initiation  processes  but  also  the  later  stages  of 
oreaxcown,  including  the  establishment  of  the  vacuum  arc. 

I .  U  Detection  of  Microparticles 

1 . 1 A . 1  Introduction 

"he  discussions  of  dc  and  impulse  vacuum  breakdown  suggest  that 
orocarticle  activity  may  be  a  plausible  cause  or  at  least  contribute 
:o  oc  ana  pulsed  voltage  vacuum  breakdown.  Artificial  microparticles 
^ave  oeen  studieo  to  determine  their  effects  upon  vacuum  breakdown , as 
concerns  trigger  discharges  and  imoact  damage.  .Naturally  occurring 
'rprccarticles  have  been  observed,  and  in  a  few  cases  characterized  with 
aspect  to  charge,  size,  and  velocity,  using  optical  and  electrostatic 
crarge  induction  methods.  The  optical  methods,  used  to  observe  naturally 
occurring  microoarticles.include  scanning  electron  microscopy  and  two 
types  of  laser  scattering  techniques. 

1.14.2  Scanning  Electron  Microscopy 

Hurley  and  Parnell  ^28]  were  able  to  confirm  microparticle  trans¬ 
fer  by  interposing  a  plastic  film  between  planar  electrodes  in  the  pre- 
oreaxcown  phase.  The  film  on  examination  showed  the  presence  of  trapped 
particles  3-ACum  in  diameter. 

Menonw  -  used  a  shielded  collector  placed  under  a  partially  trans¬ 


parent  catnode  to  collect  prebreakdown  microDarticles.  The  electrodes 
-a  Menon’s  7mm  gao  were  of  different  materials  to  determine  which  electrode 
•s  *'avorable  -*or  producing  microparticles.  The  collector, which  was  also 


a  different  material  had  a  lapped  alumina  finish  of  .5un.  The  ap- 
olied  dc  voltage  was  raised  until  at  least  one  micrcdischarge  was 
observed  (38-30  !<Y)  then  brought  down  to  zero.  The  collector  was  then 
removed  and  examined  under  the  SEM  and  a  microorobe  analyzer.  Exami¬ 
nation  of  the  collector  revealed  that  microparticles  of  diameter  *3'-m 
were  produced  at  voltages  as  low  as  30"  of  the  gap  breakdown  voltage 
(  =  150  k'/).  The  majority,  although  not  all,  of  the  particles  were  of 
the  anode  material. 

f  1 2g] 

Theophilus,  Srivastava,  and  van  Heeswijk'-1  J  observed  micro¬ 
particles  produced  in  a  1mm  gap  which  consisted  of  two  planar  electrodes 
(one  perforated)  separated  by  an  insulator.  The  collector  surface  used 
was  vacuum-deposited  aluminum  on  optical  glass.  0c  voltages,  at  levels 
below  breakdown,  of  both  polarities  were  applied  to  the  gap.  Subsequent 
SEM  analysis  of  the  collector  revealed  the  presence  of  small  (l-3um 
diameter)  e7ectrode  microparticles  and  insulating  particles. 

1.1A.3  Laser  Scattering  Techniques 

Rohrbacir56-*  and  Piuz^30-1  developed  a  laser  scattering  technique 
which  allowed  particles  of  diameter  greater  than  3um  to  be  detected, 
while  in  flight  between  the  electrodes  in  a  planar  gap  (6-22am  length), 
after  application  of  a  500  kV  impulse  voltage.  The  light  from  a  non- 
Q-switched  ruby  laser  (m  sec  pulse  length)  was  passed  through  the  •inter¬ 
electrode  area  after  the  application  of  the  impulse.  Any  particle  in 
transit  between  the  electrodes  would  scatter  light.  The  difference 
between  this  scattered  light  and  the  non-scattered  light  was  measured 
to  search  for  a  microoarticle  response,  which  would  aopear  as  a 


spike.  Several  events  which  could  possibly  be  identified  as  micro¬ 
particles  were  observed,  but  the  frequency  of  observation  was  low  and 
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■ : -  t-e  "Tcu'se  tests  tre  ;ao  was  sat  at  Bitot,  and  the  excitation 
;:^:e  was  a  Z2Z  </  ‘■’arx  Generator  with  a  2C_sec  r'seti~e  and  a  decay 


*'~e  :c"stant  :*  17" sac. 


r  out  o*  ou  oreaxscwn  events  cart: c as 


. e •**  reserved  :-tss'"c  t~e  :ac  or- or  -.3  tre  •nit’a 


aose  0:  trie 


■  r'tace  ~~e  oa'-ft'es  ~ac  *ccer‘  /e'oc't'es  *n  tre  range  or  73-275n/sec. 
*  ■  e  s  e  -es/ts  "c  tate  t - a :  oa-t't'es  t-css  tne  :ac  or’er  to  every  oreak- 
::  assies  t~e  statstta'  •■--cr-at’on  tan  oe  extracc' ated; . 

"*•  t-tca^f  :'e  'asa'-  tetecftn  '•esu’ts  are  'rconc' -s'  ve  in 
"a*  t-e  •-•d ue^ces  -*  t-cca'-t* »s  tetactad  ana  tre''r  aooearance 
*.t  ;'*ea<ccwr  . i«-v  voe'-  arcro  *nvest* caters. 


acfostat' :  I-a^ce  Ircucron  'ecnn'tues 


a  sct-csta* 


-a  -oe  •'■duct' or  detect' on  sc-eme  verxs  as 


*s  -  s~a  ’  :.  •  -ae-  :*  ‘erct"  •  s  'seated  *’ th*n  another  cy'noer. 
'tda1'*':  e  :  *  :  -  a  ^ce  :*  -0 .  •  re  t-,“:uc"  tre  •-re'*  o/'oder  -rauces 


.ace  t «.  ;e  ?-  t-e 


■ce-  _e  racn-t-ce 


'e  :u  se  ' s  tro- 


■-e  erot"  ;*  f'e  tu'se  *s  trcocrf'cra'  to  tre  oarf- 


•  -e  as >-">€5  a 


:  e  ,r?st* ■ 


:e  "» 


-ass  ar 


.an  :e 


-  r  in-*  w  .*  r  -  1 


— -r-  •:  ^se  v:  ^e* 


.  4.  '  ri 


f-  ~  **©  .  A  ' 


e  i - e  -a-: 


t :e  s  ®r 


: a :  :  *as  retve*' 


47 


disk  under  which  the  detecting  cylinder  was  mounted.  A  microparticle 

removed  from  the  anode  would  approach  and  pass  through  the  cathode,  and 

then  through  the  detecting  cylinder.  The  detecting  cylinder  was  connected 

to  the  input  of  a  low  noise  (30mV),  wide  band  (7MHz)  amplifier,  whose 

output  was  taken  out  of  the  vacuum  system.  The  charge  detecting  sensi- 

-14 

tivity  of  the  detecting  system  was  6  x  10  C,  which  corresponds  to  a 
microparticle  of  about  8um  diameter,  resting  on  an  electrode  surface 
where  the  field  is  200  kV/cm.  Repeated  attempts  using  voltages  up  to 
170  kV  and  different  anode  materials  showed  that  no  microparticles  in 
the  detectable  range  were  generated  prior  to  breakdown. 


-  .  r134l 

.exier-  -  next  used  electrostatic  induction  in  an  attempt  to 
detect  ano  characterize  dc  microoarticles.  His  working  pressure  was 
10  3-orr,  and  his  gap  distance  was  5mm.  His  cathode  was  a  grid  made  of 
stainless  steel  parallel  wires  0.15mm  in  diameter  and  1.5mm  apart.  His 
detection  system  consisted  of  two  operational  amplifier  stages,  the 
”’>st  a  voltage  -pllower  (non-inverting  with  a  gain  of  1),  and  the 
seccna  a  non-inverting  stage  with  a  gain  o*  10.  Texier  states  his  charge 


sensitivity  as  10 


It  must  be  noted  that  the  accuracy  of  this 


number  is  doubtful  ,  since  the  input  capacitance  of  his  first  stage 
a:cne  was  10  The  minimum  total  system  noise  -or  a  noise  to 

s;gnal  -afip  of  one  wcu'd  nac  to  nave  oeen  . ImV  wnicn  is  lower  tnan 
*or  any  presently  available  commercial  poerational  amoli^er.  ~exier, 
-n  contrast  to  Menon,  orcducad  numerous  preoreaxoown  microoart'cles  *‘c r 
' -  tages  -o  tp  on1/  50  </.  ”he  size  c*  detected  -r*i crooart' c'es  -angea 
*^om  'ess  tnan  ' „m  to  more  twan  '1  _m  only  a  *ew  cases',  /e'c c't;es 


ranged  from  a  few  m/s  to  200  m/s.  When  different  electrode  materials 
were  used,  examination  of  a  collector  mounted  under  the  detecting 
cylinder  revealed  both  anode  and  cathode  microparticles,  the  former 
always  smaller  than  the  latter. 

Further  research  by  Texier  and  3oulloudL showed  that  the  out- 
gassing  of  electrodes  at  high  temperatures, which  is  necessary  to  achieve 
high  vacuum, reduces  the  number  of  microparticles  emitted  from  an  elec¬ 
trode.  This  reduction  was  by  about  a  factor  of  10  when  compared  to  the 
non-outgassed  electrodes.  This  effect  could  have  affected  the  results 


of  Menon  or  Smalley. 

n  -?si 

3ri frith,  Kivlin,  and  Eastman-  w  -  have  found  microDarticles  in 


submodules  of  accelerator  tubes  using  an  electrostatic  induction  system 
similar  to  “exier's.  System  charge  sensitivity  was  5  x  1C'15C.  Micro¬ 
particles  of  both  polarities  have  been  observed.  Microparticle  charges 

-15  -12 

ranged  from  <5  x  10  C  to  10  C  but  less  than  30  of  the  total  of  351 

-14 

particles  of  both  polarities  had  charges  less  than  10  C.  Particle 


velocities  range  from  10  to  2QCm/s  but  90"  were  in  the  20-1  CO  m/s 


range.  Particles  were  produced  only  after  a  tube  voltage  increase,  and 

Q 

most  were  produced  between  300  kV  and  500  !<V  (1.5  x  10“  V/ cm  and 
a 

3  x  10  '//cm).  One  note  of  caution  concerning  the  results  of  Griffith, 


Eastman,  and  < i v 1 i n  is  tnat  their  electrode  surfaces  were  preoared  by 
abrasion  with  ICOum  diameter  alumina.  Most, or  some, of  the  observed 
microDarticles  could,  therefore,  be  alumina  particles.  X-ray  microprobe 
analysis  revealed  many  of  them  on  the  electrode  surfaces. 


Comparison  of  Cetection  Technicues 


'laturally  occurring  mi croDarticles  nave  been  observed  orior  to 


breakdown  using  ootical,  laser,  and  charge  induction  methods.  Each 


method  has  advantages  and  disadvantages. 

'he  scanning  electron  microscope  can  be  used  to  directly  de¬ 
termine  the  actual  snace  and  size  0"  microparticles,  and  identify  and 
cnaracterize  impact  damage.  3E>'  analysis,  ncwever,  tells  nothing  of 
the  temporal  oroduction  of  microparticles ,  and  quantitative  energy 
measurements  are  impossible. 

Laser  detection  schemes  a^e  advantageous  in  that  trey  are  “ a i ml y 
sensitive,  tney  can  be  used  to  sample  all  the  microparticles  produced 
in  the  inter-electrode  region,  and  the  measurement  tecnnicue  does  not 
af£ect  gac  activity  and  is  exterior  to  the  vacuum.  Furthermore,  electric 
-ield  calculations  are  easier  and  more  exact,  and  there  is  no  dependence 
on  cne  continuous  operation  of  electronic  devices  which  may  easily  "ail 
in  the  presence  of  a  high  voltage  discharge.  Laser  alionment  however, 
is  tricky  and  usually  temporary,  and  for  pulsed  excitations  timing  is 
very  critical.  Charge  cannot  ce  directly  measured  and  thus  size  cal¬ 
culations  depend  upon  the  intensity  of  the  light  scattered  by  the  micro¬ 
particle.  “he  intensity  o*  the  scattered  light  is  proportional  to 
particle  !-adius  as  r71  by  the  ‘fie -Lorenz  theory  of  light  scattering  wnere 
m  can  --ange  Oetween  5  and  2  for  small  and  large  particles,  respectively. 

Electrostatic  charge  induction  schemes  are  easily  calibrated. 

"he  effective  incut  capacitance  can  be  measured  using  capacitive  voltage 
division,  and  the  system  noise  is  directly  measureable.  Thus  cnarge 
sensitivity  is  easily  "ound.  Botn  cnarge  and  velocity  are  measured  so 
size  can  oe  easily  calculated  if  particle  geometry  can  be  assumed.  Since 
one  electrode  must  be  leaky  in  order  ‘or  oarticles  to  escape,  '•egenerativ 
effects  are  reduced.  -ddi tional ly ,  there  are  no  timing  problems  as¬ 
sociated  with  the  use  of  pulsed  voltages.  One  major  disadvantage  with 
the  use  of  an  electrostatic  induction  scheme  is  that  is  is  mutually 
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exclusive.  -n y  oarticle  that  is  detected  probably  does  not  affect  or 
initiate  breakdown.  Thereto re,  more  than  one  microparticle  must 
:e  orocucec.in  orcer  to  -’elate  them  to  oreakdcwn.  “he  leaky  electrode 
oranges  tre  gao  -ield  sligntly  and,  therefore,  field  values  must  be 
acDroximated.  Only  anode  or  cathode  microoarticles  can  be  detected, 
ana  regenerative  effects  can  probably  not*  be  studied.  Reducing  the  effective 
'rout  caoacitance  below  seme  val ue, determined  orimar^ly  by  wi**e  con- 
nections  and  amoli-iar  inout  caoaci tance» is  difficult.  Additionally, 
electronic  devices  are  very  sensitive  to  voltage  disenarge  noise. 

Naturally  occurring  microoarticles  have  been  oostulated  to  be 
one  ocssible  cause  of  vacuum,  nigh  voltage,  dc  and  imDulse  breakdown. 
Miorooarticles  nave  been  detected  and  in  some  cases  characterized  for 
both  dc  and  imoulse  voltages,  ’hey  have  been  detected  orior  to  and 
during  vacuum  oreakdown.  No  definite  correlation  relating  vacuum  breakdown  to 
microoarticles  has  been  established.  The  research  results  to  be  ore- 
sentac  in  this  report  are  an  attempt  to  correlate  the  production  and 
characteristics  of  microparticles  to  vacuum  breakdown. 
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CHAPTER  2 

EXPERIMENTAL  APPARATUS 

It  has  been  postulated  that  microparticles  play  an  important  role 
in  the  breakdown  of  high  voltage  vacuum  gaps.  Experimental  measurements 
have,  therefore,  been  conducted  to  determine  the  charge,  velocity,  mass, 
and  radius  of  microparticles  generated  in  a  pulsed  vacuum  gap.  These 
measurements  have  been  made  by  directly  measuring  the  microparticle  charae 
and  velocity  using  an  electrostatic  charge  detection  technique.  The  ex¬ 
perimental  arrangement  consists  of  a  vacuum  chamber,  high  voltage  power 
supply,  electrode  assembly,  and  the  charqe  detector. 

2.1  Vacuum  Chamber 

A  schematic  diagram  of  the  high  vacuum  system  is  shown  in 
g .  2.1.  The  vacuum  chamber  is  a  stainless  vessel  of  cylindrical 
sr.ace  with  a  volume  of  53  liters.  The  chamber  consists  of  two  oieces, 
a  too, removable, section  and  a  bottom  section.  The  seal  between  the 
two  oieces  is  made  with  either  a  cooper  or  Vi  ten  0-ring.  The  bottom 
section  nas  a  5  inch  port  which  connects  to  an  ion  pump  and  12  smaller 
nal f-ni cole  sorts,  only  half  of  which  are  used,  ihese  six  are  used 
*or  electrical  reedt.nroughs .connecting  an  ionization  guage, 
and  the  roughing  lines.  The  top  section  has  o  halr-nipDle  ports,  Out 
only  one  is  used, to  provide  the  high  voltage  input.  All  the  half- 
nioole  sorts  are  fitted  with  standard  "Varian"  flanges  ana  employ  coooer 


oasxet  seals. 


An  ion  oump  (Varian  model  912-7001;  with  pumping  soeed  of  iAu 
'•ters-sec*1  serves  as  tne  main  pump.  A  cryogenic  (sorption)  oumo 
,ar' an  model  341-6501,  and  a  3/A  hp  mecnanical  oumo  (/ac  Terr  model 
150). with  a  oumoing  speed  300  liters-sec  and  an  ultimawe  oreSiure 
of  15  microns  of  mg, serve  as  "pughing  sumps. 

Vacuum  measurements  are  made  using  a  tne’rniocouol e  tuoe 
’eledvne  -*astings  Aa/dist,  type  3V-5M) ,  an  ionization  tube 
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r,'g.  2.1  schematic  Diagram  of  the  Vacuum  System  and  Hi gn 
Voltage  Connection. 
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(Huntington  Type  4-336KLL } ,  and  the  pressure  meter  scale  of  the  ion 
oumo  control  unit  (Model  f  921-0034).  Ultimate  system  pressure  is 
1  :<  10'°  Torr  with  the  Vi  ton  0-ring  seal. 

2.2  High  Voltage  Connection 

Oetails  of  the  high  voltage  connection  scheme  are  also  shown 
in  Fig.  2.1.  A  Varian  medium  current  feedthrough  (model  4  954-5019) 
serves  at  tne  nigh  voltage  vacuum  feeathrough.  "'his  feedthrouan 
is  isolated  from  the  rest  of  the  vacuum  chamber  by  a  glass  to  metal 
adapter  made  from  two  "Huntington1  glass  to  metal  half  nipples 
(VPF-150).  A  spring  compression  connector  joins  the  1/4"  center 
concuctor  of  the  feed  through  to  a  metal  rod  extending  into  the  vacuum 
chamber.  The  extension  rod  connects  to  a  cylindrical  stainless  steel 
cud  whose  bottom  rim  is  encircled  with  beryllium-copper  fingerstock. 

The  cud  sits  atoo  the  anode  plate,  surrounding  the  rod  used  for  gap 
soacing  adjustment.  Electrical  continuity  between  the  anode  plate  and 
the  nv  feed  through  is  made  when  the  top  section  of  the  vacuum  chamber 
is  lowered  into  place. 

2.3  High  Voltage  Power  Supply 

The  primary  voltage  source  employed  is  a  Universal  Voltronics 
ac  source.  The  input  transformer  is  an  UVC  model  3-3-10-915  with 
soecifi  cations :  115  volts,  50  HZ,  .59  KVA.  The  output  is  an  'JVC 

model  3-3-10-915  transformer  with  specifications:  200  <V  RMS,  0.5  KVA. 
Cutout  duration  can  be  regulated  from  a  single  half  cycle  to  several 
cycles  by  use  of  the  triggering  circuit  whose  schematic  is  seen  in 
tne  Hpoendix.  An  unusual  characteristic  of  tne  excitation  is  t.nat 
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a  single  naif  cycle  Dulse  has  a  duration  of  15  m  sec.  instead  of  the 
exoected  3.3  ra  sec. 

2.4  Electrode  Assembly 

Fig.  2.2  snows  the  vacuum  gaD.  The  gao  consists  of  a  top 
plate  to  which  a  stainless  steel  upper  electrode  is  attached  and  a 
bottom  plate  which  contains  the  transparent  electrode.  The  two  plates 
are  separated  by  a  2elrin  hollow  cylinder  insulator.  The  upper  electrode 
is  shown  in  Fig.  2.3  and  has  a  1  1/2"  (3.3  cm)  diameter.  The  upper 
electrode  surface  finish  is  a  300  grit  emory  cloth  polish  for  all  of  the 
experimental  work.  The  lower  transparent  electrode  is  shown  in  Fig. 

2.4  and  consists  of  a  clear  aperture  having  a  3"  diameter  which  is 
covered  with  a  45’  transparent  perforated  screen.  The  screen  is 
3uckbee-.Mears  .005''  thick,  304SS  Micro-Etch  Screen  with  hole  openings 
of  305  yjn  diameter.  A  copper  transparent  wire  mesh  electrode  with 
square  ooenings  of  width  1600  urn  is  also  available  for  use.  Most  of  the 
experimental  results  are  obtained  using  the  perforated  screen  electrode 
because  it  is  thought  this  electrode  will  yield  more  uniform  gap  fields. 

2.5  Electrostatic  Charge  Induction  Microparticle  Detector 

2.5.1  Introduction 

It  was  stated  in  the  first  chapter  that,  at  least  in  the  case 
of  long  high  voltage,  vacuum  gaps  (>  6mm),  there  are  stronq  indications 
that  microparticles  are  responsible  for  the  initiation  of  vacuum, 
breaxaown . 

Naturally  occuring  microparticles  have  been  observed,  using 
laser  and  electrostatic  charge  induction  methods,  and  characterized 
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with  respect  to  number,  vacuum  breakdown,  charge,  velocity,  and  size. 
The  objective  of  this  work  is  to  determine  mechanics  and  to  specifically 
relate  microparticle  production  to  vacuum  breakdown. 


The  detection  method  chosen  was  the  electrostatic  charge  induction 
method  used  by  Texier  and  others.  This  detector  was  chosen  because: 

(1)  the  sensitivity  as  reported  by  other  investigators  could  be  improved 
because  of  the  development  of  lower  input  electronic  devices;  (2)  num¬ 
erous  microparticles  can  be  generated  and  thus  a  statistical  sampling 
technique  could  relate  microparticle  production  and  characteristics  to 
vacuum  breakdown;  and  (3)  this  measuring  technique  is  easily  calibrated 
and  therefore  gives  more  quantitative  information  than  do  the  other 
detecting  schemes. 

2.5.2  3asic  Principle  of  Operation 

rhe  orinciole  of  operation  of  the  electrostatic  charge  induction 
screme  is  cased  on  the  rise  in  potential  of  a  conducting, hollow 
cylinder  wren  a  charged  particle  moves  through  it. 

rig.  2.5  (a)  shows  a  cylindrical  electrode  situated  coaxially 
;"s;de  anotrer  cylinder.  If  a  microparticle  of  charge  Q  is  allowed 
to  oass  trroucn  the  inner  cylinder,  the  voltage  induced,  V,  is  given 
:y : 


V 


volts  , 


(2.1) 


.■•nere  2..  is  tne  effective  capacitance  at  the  detector  terminals. 

*~e  0't3ce  so  induced  will  aopear  only  so  long  as  the  particle  remains 
<,V',n  tne  ,-nner  cylinder  and  thus  the  output  waveform  of  this 
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. or*'  uurat’  or  sncu'd  me  as  ■  °  *'•3. 

. a  rT ’  . ' e  •  i  3’  /<?r  :  .•  • 


s  e . , 


'he  /e  'oci  t  /  of  the 


■  s  ere  a*-  a  ‘  'erctr  .  *  tne  '"ner  'r<ier.  "me  Quart: ty  t  -s 

v-e  acse^vec  fne  oetwee’"  tne  ra '  *  ma/’mums  0*  tne  :naroe  detector  -e- 
.curse.  ■  s  3ef,r”Vor  ■:*  t  "as  seer  *ouno  to  be  necessary  due  to  the 
:tservec,  "on-zero  oetecto r  '•,set,me.  i  ic.  the  apc''ed  /oKaae  wr'ch 
acce  elates  a  mi  croparti cle  through  the  gap,  the  mass  of  the  particle  is 


<er  : 


'2.3 


\ 

i 


: .  "“e^C'-e  ,  ■  £  the  ""  :’*o:a,'t* e  03°  :e  ass-mec  to  :e  sore,"';a'  anc  0* 
t"e  same  'ata^'a'  as  t^e  oarent  e’ectrtie  -(nose  :ers'ty  -s  the  '•ac'-.s 
:>•  t"e  oarvcle  s  g* /*r  0/: 


r 


■.2.1 ; 


2.5.3  3etectpr  Sens’ ttv-t/ 

It  :an  oe  seen  --om  eouat'on  Z.l!  that  tne  sens' tiv’ty  z*  the 
detector  's  *nversely  proportional  to  tr.e  input  capacitance,  2;  ,  at  tne 
detector  terminals.  ~his  capacitance  includes  the  capacitance  of  tne 
connecting  caoles  and  circuit  elements,  the  input  capacitance  o’  “he 
/oltage  measuring  device,  3,,  and  the  capacitance  between  the  inner 
detecting,  cylinder  and  grounc,  ZQ.  Capaci tar.ce  C^n  can  be  reduced  and  hence 
the  detector  sensitivity  reduced  by: 

1.  placing  the  voltage  measuring  circuit  as  close  as 
possible  to  the  detecting  'inner;  cylinder, 

2.  cnosing  a  low  input  capacitance  /oltage  measuring  device, 
and 


3.  reducing  or  eliminating  the  capacitance  between  the  detecting 


cy'  '  naer  ana  ground  ,C, . 

3 

C,  '3  -ec-ceo  ay  r/'rrg  ;t  ’  nto  two  carts.  --  ana  as 

;een  r-g.  2.5,  anc  eliminating  one  cart  w't.n  a  cootstraooi ng 
-et.ncc  anc  t.ie  :cner  cart  py  placing  ; t  *n  parallel  witn  the  output 
/  o’ cage.  Capacitance  C.  is  given  dv: 

2  ire  A 

m  — 77  ~  •  ,:-5' 

r,  ; 

/ 

*rere  .  3  tne  Detecting  cylinder  length,  and  r,  and  r.,  ar'  tne 

-a;’-  :*  -.ne  cetect’ng  cylinder  and  tne  coaA'al  cyl'hder,  rescect-i /ely . 
“ue  coax'd!  cy!'naer  wi!'  nencefortn  be  referred  to  as  the  inner 
;y‘  •  naer.  "he  va'ue  c*  C-,  *or  tne  system  in  "ig.  2.5  is  .57  pF. 

"vs  tasactanca  is  cancelled  oy  a  bootstrapping  method.  Capacitance 
;0  ’3  tne  capacitance  between  the  inner  cylinder  and  the  outer 

grounded  cylinder.  "he  value  of  this  capacitance  is  on  the  order  of 
a  *>w  nundrea  oF.  "he  electronics  configuration  effectively  olaces  this 
capacitance  in  paral'ei  with  an  output  voltage.  This  capacitance  is 
easily  driven  Oy  the  electronic  devices  used  in  the  detection  system. 

2.5.4  Microparticle  Detection  Electronics  System 
"he  mi crooarticla  detection  electronics  consist  of  two 
operational  amoiifier  stages.  The  first  stage  is  a  voltage  follower 
with  un^ty  gain,  and  the  second  stage  is  an  -inverting  circuit  with 
gain  of  either  unity  or  ten  'actual  measured  gains  are  .37  and  9.48). 
rig.  2.7  sncws  a  scnematic  of  the  detection  electronics.  Unless 
otherwise  stated,  all  of  the  experimental  results  reported  are  obtained 
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tor  Cylinder  lu  ( irst 


Diagnostic  Electronics  . 


-A 


with  a  system  gain  of  1C. 

The  first  stage  was  constructed  using  an  AD515  operational 
amplifier  (manufactured  by  Analog  Devices)  in  a  "bootstrap'1 
configuration  .with  C-j  as  a  feedback  capacitor.  This  configuration 


effectively  cancels  the  capacitive  effect  of  C,  and  reduces  C.  . 

J  i  in 

The  A0515,an  FET  input  operational  amol i*ier» was  chosen  for 

two  reasons.  First,  it  has  tne  lowest  common  mode  input  capacitance, 

i.e.  CA,  of  any  cormtercial ly  avail aole  op-amp  (.3  oF).  This  value 

[139] 

was  reduced  to  .2  pF  by  an  appropriate  circuit  layout  scheme. 

Second,  the  A0515  also  nas  the  lowest  input  biasing  currents  of  any 

commercial  op-amo.  This  keeps  the  magnitude  of  any  dc  offset  voltage, 

wnicn  is  the  product  of  .3.  and  the  biasing  current,  smal  1.  A  typical 

•  n 

offset  voltage  value  is  2mV.  R-n,  a  glass  coated  carbon  resistor,  was 
chosen  such  that  the  time  constant  associated  with  the  droop  of  a 
mi croparti cle  signal  (x  *  R^n  C^)  would  remain  large  compared  to  the 
anticipated  microparticle  pulse  durations. 

The  bandwidth  of  the  A0515,  used  in  a  unity  gain  circuit,  is  100  kHz. 
This  allows  measurements  of  particle  velocities  up  to  3000  m/s.  However, 
if  the  AD515  is  used  in  a  circuit  of  gain  N,  bandwidth  reduces  by  1/N. 
Furthermore,  the  small  signal  (mV) risetime  is  approximately  .35/banctoidth. 
These  two  considerations  determined  that  any  signal  gain  must  be  accomplished 
by  a  second  stage. 


Occasional  availability 
the  use  of  an  A05C6  oo-amp"  J 


problems  with 
in  the  first 


the  AC515  necessitates 
stage  circuit.  The 


performance  of  the  AD5G6 ,  which  has  the  second  lowest  Cin  and  biasing 

currents  commercially  available,  is  similar  to  that  of  the  AD5i5. 

The  A05C6 ‘ s  common  mode  input  capacitance  is  l.A  pF  in  the  first 
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scage  circuit,  and  its  bandwidth  is  approximately  350  kHz. 

He  oo-amo  used  in  the  second  state  inverter  circuit. is  the 

■  *  i  * ' 

'(EooO-A'1  1  -  .manufactured  by  Signetics  Corporation!  ,  a  low  noise 
amol "ier  with  oandwidtns  of  approximately  300  <H,  ( X 1  3  gain;  or 

1  ;•<!  gain  Independent  upon  t.ne  second  stage  gain.  Total  system 

oancwi  ctn  ;s  thus  limited  by  t.ne  -i  -sc  stage.  Acdi tional ly ,  i- 
necassary,  t.ne  'IE552AA  can  oe  caoacitively  comoensated  to  drive  a 
n:gn  -mpedence  load.  It  is  imoortant  tnat  the  system  electronics 
oe  sn' elded  and  grounded  very  carefully  to  '•educe  no;se  ?ic:<uD  and 
to  o '•event  possible  ground  looo  current  surges  caused  by  the  nign 
/o I  cage  excitation.  "he  rirst  stage  is  snl elded  by  a  ccpoer  box  wnicn 
’s  mounted  on  tne  inner  wall  of  tne  outer  grounded  cylinaer  in  cig. 
2.5.  "he  second  stage,  which  is  located  outside  the  /acuum  chamber, 

's  also  shielded  by  a  coooer  box.  Possible  ground  looos  were 
e^minated  oy  grounding  the  entire  /acuum  system  .including  the  ion 
oumo  and  measuring  osci 1 loscooesi  at  a  single  point  at  the  incut  of  the 
‘•-st  stage  anc  by  using  oatteries  for  the  oo-amp  oower  sucolies. 

"he  use  of  a  single  point  ground  necessitated  the  fabrication 
of  two  snielded  vacuum  *eedthrougns  whose  electrical  throughput  lines 
and  shielding  are  *so1ated  '"om  the  vacuum  chamber  wall.  One  feed- 
C.nrcugn  is  used  to  provide  power  to  tne  AC5 1 5 ,  and  the  other  *s  used 
for  the  *irst  stage  output.  A  picture  and  description  of  these 
ceedthrougns  are  included  in  tne  dpcendix. 

Inductive  noise  ptckup  is  "educed  oy  using  twisted  pair, 
low  inductance,  snielded  cades  for  interconnections  oetween  amol  if  ier 
stages.  Electrical  shielding  is  made  as  complete  as  possible  by 


clamping  tne  shielding  of  this  cade  to  Che  *eedtnrougn  snield  ana 
to  cne  first  and  second  stage  coooer  ooxes. 

2.5.5  2etails  of  cne  Microoarticie  Detector 

A  cetailed  schematic  of  the  test  arrangement  used  to  detect 
microparticles  and  to  determine  their  characteristic's  is  snown  in 
rig.  2.5.  The  vacuum  gap  is  formed  by  t.ne  solid  too  electrode  and  the 
oottom  grid  electrode.  The  vacuum  gao  ;s  suoDorted  atoo  an  outer 
grounded  cylinder.  ’he  outer  cylinder  serves  as  a  detector  shield 
anc  as  a  f’ rst  stage  mount.  Microoarticles  produced  at  the  top  electrode 
escaoe  through  tne  transoarent  electrode  to  tie  analyzer  section  of  the 
detector. 

’he  analyzer  section  contains  two  guard  cylinders  ana  the 
detection  cylinaer.  rhese  cylinders  are  supported  within  a  floating 
inner  cylinder  py  insulating  Qalrin  disks.  The  inner  cylinder  is 
a'so  mounted  on  an  insulating  D^lrin  disk  so  as  to  allow  the  bootstrapDing 
capacitance  2,  prefer  to  =ig.  2.5).  The  guard  cylinders  are  used 

to  increase  tne  risetime  of  the  microparticle  induced  c.narge  potential. 

’he  effect  of  the  guard  cylinders  will  oe  discussed  further  in  section 

i  .  3  .  O  . 

A  collector  electrode  is  also  shown  in  Fig.  2.6.  The  tot* 

'"emovaole  section  nas  a  1  jn  mirror  *inisn  anc  is  designed  to  r' t  the 
samole  nclder  of  tne  university  of  South  Carolina's  SE.M-vlicroDrooe 
Analyzer,  ’hus.ootical  analysis  of  generated  microparticles  is  also 
oossible. 

3ictures  of  tne  complete  ni croparti c 1 e  detection  system  and  the 
'naividual  carts,  are  included  • n  the  ^ooendix. 
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2.5.5  Detector  Incut  Caoacitance  Effects 
As  mentioned  in  section  2.5.3,  tne  microparticle  sensitivity 
;s  inversely  proportional  to  tne  -ncut  caoacitancs,  C . n ,  at  tne 

cetactor  terminals.  'he  caoacitancas  cue  to  connecting  cables, 
circuit  a* aments,  and  ooeraticnal  ampli tiers  are  the  major  contributers 


"he  contri buti ons  to  C.^, caused  oy  tne  first  stage  electronics, 

carnet  oe  reduced  below  certain  values.  These  values  are  .2  pF  for  the 
-25 1 5  and  1.4  oF  for  tne  A25C5.  The  magnitudes  of  the  remaining 
cent-” cuti ons  to  2.n  were  determined  using  a  capacitive  voltage 

di /is ion  sc.neme. 

'he  primary  circuit  element  contributing  to  Cin  is  the  first 

stage  inout  resistor  a.  .  The  use  of  an  AD5C6  in  the  first  stage 

r«cui res  R .  be  tne  carbon  resistor  described  in  section  2.5.4. 

”  n 

The  first  stage  circuit  board  leakaqe  resistance  can,  however,  be  used 

for  R.  if  an  AD515  is  used.  Usinq  board  leakage  for  an  input  biasing 
i  n 

current  path,  however,  causes  randomly  changing  dc  offsets.  Thus  the 
usual  procedure  for  both  op-amps  is  to  use  the  carbon  resistor  for  Rin» 
The  use  of  this  resistor  adds  about  1.2  pF  to  C-n. 

The  use  of  guard  cylinders  also  adds  to  system  input 
capacitance.  A  system  of  analog  measurements, descri bed  in  the  Appendix, 
determined  tnat  the  de  crease  in  risetime  of  a  microparticle  signal 
with  tne  use  of  grounded  guard  cylinders  more  than  compensates  for 
tne  addition  to  Z-  .  The  use  of  grounded  guard  cylinders  adds  1  pF 


oo 


The  ^emining  oorticn  or  C,.  (v  l.Z  oF)  is  due  to  the  wire 

tcnnections  of  the  first  stage  and  cannot  be  reduced  or  eliminated 
exceot  by  negative  para  I  lei  capacitance  simulation  wnicn  was  not 
attamoted.  It  must  be  noted  that  the  above  capacitance  numerical 
values  are  typical  and  are  subject  to  change  for  individual  system 
amcli-iers. 

The  affective  inout  capacitance  at  the  detector  terminals  can 
be  as  low  as  1.5  pF,  but  problems  arise  due  to  dc  offset  voltages 
anc  slow  microparticle  signal  risetimes.  '"ore  typical  values  of 
C.  are  3.7  pF  and  4.3  pF  wnen  an  AD515  or  AD5C6 ,  resoecti vely , 

•s  used  in  the  first  stage  electronics. 

The  minimum  detectable  microparticle  charge  is  determined 
by  the  value  of  C.  ,‘  and  the  magnitude  of  system  electronic  noise. 

The  first  stage  generated,  high  frequency  noise  (1  Mbz)  ranges  in 

magnitude  from  ImV  to  5mV  for  both  the  AC5C6  and  tne  AD515. 

Thus,  assuming  a  signal  to  noise  ratio  of  unity,  the  minimum 

-15  -15 

values  of  detectable  charge  are  3.7  x  10  C  (A0515)  and  4.8  x  10  C 

(AD506),for  typical  system  sensitivities.  These  charges  correspond 

to  microparticles  of  radii  1.4  urn  and  1.5  _m,  respectively,  produced 

in  a  planar  vacuum  gap  of  1  cm  at  a  voltage  of  100  kV-L^ 


CHAPTER  3 

EXPERIMENTAL  RESULTS 
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3.1  Introduction 

The  experimental  arrangement  and  measurement  technique  de¬ 
scribed  in  the  previous  chapter  have  been  used  to  directly  measure 
the  charge  and  velocity  of  microparticles  generated  in  a  pulsed,  high 

i 

;  voltage,  vacuum  gap. 

> 

|  The  experimental  results  are  presented  in  three  sections.  Each 

section  represents  an  advancement  in  experimental  technique  with  the 

! 

;  ultimate  goal  being  to  relate  microparticle  activity  to  vacuum  break¬ 

down.  Experimental  procedures  progress  from  determining  detector  system 
response  to  small  charged  beads,  to  the  characterization  of  artificial 

!  microparticles ,  to  the  detection  of  naturally  occurring  microparticles. 

' 

|  3.2  Detection  System  Characteri ration 

Beginning  experimental  procedures  were  designed  to  show  detection 
system  resoonse  to  any  conceivable  microparticle  activity.  These  early 
tests  ,wnich  were  conducted  outside  the  vacuum  chamber,  determi  ned  the 
detection  system  resoonse  to  charged  balls,  the  influence  of  the  guard 
cylinders,  and  the  affects  of  charged  oarticles  directly  hitting  the 
detecting  cylinder,  a  guard  cylinder,  and  the  floating  inner  cylinder. 

Metal  balls,  charged  with  a  given  oolarity,  have  been  drcooed 
tnrcugh  trie  detecting  cylinder.  "he  balls  were  charged  us'ng  3  1  cm 
carallel  olate  arrangement  and  a  voltage  source  »as  shown  in  Figure  3-.1. 
3ositive  and  negative  dc  voltages  ud  to  4  <7  were  aoolied  across  the 
olate.  A  small  '  2  im  diameter)  lead  ball  was  ircDoed  between  the  olates. 
"he  ball  rolled  in  contact  with  the  bottom  olate,  either  acoui-’ng  or 
losing  electronic  cnarge,  and  then  drcooed  through  the  guard  cylinders 
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ana  the  detecting  cylinder.  The  signal  response  at  the  output  of  the  I 

second  stage  was  observed  using  a  Tektronix  type  549  Storage  Oscilloscope.  j 
The  transit  time  of  a  metal  sphere  falling  through  the  detecting 
cylinder  is  found  using  energy  conservation.  7nis  time  is  given  by: 


*  1 


sec 


3.1 


wnere  g  is  the  acceleration  due  to  gravity,  d  is  the  detecting  cylinder 
length,  and  h  is  the  height  from  which  the  ball  is  dropped  (bottom 
date  to  detecting  cylinder  separation).  For  the  experimental  arrange¬ 
ment  of  Figure  3.1,  d  «  3.0  cm  and  h  *  10.. 0  cm,  so  that  t  =  21.0  ms. 

“he  signal  response  for  a  ball  passing  through  the  detector  cylinder 
snould  therefore  have  a  pulse  width  of  approximately  21  ms. 

Figure  3.2  shows-the  detector  response  to  a  2  mm  ball  charged  by 
a  negative  plate  potential.  It  should  be  noted  that, due  to  the  second 
stage  inverting  circuit,  a  negatively  charged  ball  gives  rise  to  a 
positive  signal.  Additionally,  the  input  capacitance  for  the  micro¬ 
particle  simulation  tests  was  increased  to  100  pF  by  placement  of  an 
excamaliy  connected  capacitor  in  parallel  with  the  detector  input. 

This  was  done  to  decrease  sensitivity  to  a  level  where  the  electronics 
did  not  saturate  in  response  to  the  large  ball  charges. 

“he  signal  pulse  width,  measured  at  half  total  magnitude,  is  aoprox- 
’mately  27  ms.  The  signal  droop  and  undershoot  decay  with  the  system 
inout  3C  time  constant. 

Figure  3.3  shows  the  detector  response  to  a  positively  charged  2  mm 
pall.  The  response  is  similar  to  the  negative  ball  resDonse  with  a 
/oltage  inversion. 

The  effect  of  the  upper  and  lower  guard  cylinders  has  been  determined 
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using  the  charging  scheme  in  Fig.  3.1.  Fig.  3.4  shows  the  detector  re¬ 
sponse  to  a  negatively  charged  lead  ball.  In  this  case  the  guard  cylin¬ 
ders  were  grounded.  Figures  3.2,  3.3,  and  3.4  were  obtained  with  the 
same  oscilloscope  triggering  level.  The  low  level  plateau  of  Fig.  3.2  is 
smaller  in  Fig.  3.4.  This  implies  that  the  detector  output  risetime  is 
faster  with  the  guard  cylinders  grounded.  It  is  also  clear  that  the  de¬ 
tector  cylinder  responds  earlier  (the  low  level  plateau)  to  the  charge  if 
the  guard  cylinders  are  not  grounded.  Fig.  3.5  shows  detector  response  to 
a  negatively  charged  ball  with  no  guard  cylinders  are  in  place.  Note  the 
slow  signal  rise  and  conspicuously  long  tail.  The  results  seen  in  Fig.  3.2 
through  3.5  imply  a  faster  signal  risetime  with  grounded  guard  cylinders 
and  agree  with  the  results  of  the  analog  measurements  described  in  section 
2.5.6.  The  diameter  of  the  center  hole  in  the  top  of  the  inner  floating 
cylinder,  15/22  incnes  (=*  1.2  cm),  is  smaller  than  the  1.5  cm  opening  of 
the  detector  cylinder.  Thus,  the  chance  of  a  particle  entering  the 
inner  cylinder  and  then  hitting  the  detecting  cylinder  is  small.  Regard¬ 
less,  the  detector  system  response  to  a  charged  ball  directly  hitting 
the  detecting  cylinder  has  been  determined.  The  detecting  cylinder  was 
cupped  and  then  a  charged  ball  was  allowed  to  hit  the  cylinder.  Fig.  3.6 
shews  system  response  to  a  charged  2  mm  ball  directly  hitting  the  detect¬ 
ing  cylinder.  Note,  the  signal  rises  and  then  decays  with  the  detector 
input  time  constant. 

Additionally,  the  effects  of  charged  sails  directly  hitting  a  cupped 
guard  cylinder  and  the  inner  snielding  cylinder  were  measured.  No  sig¬ 
nals  were  measured  for  either  of  these  events  implying  that  no  mi  cro- 
particle  signals  occur  due  to  cartides  i^recz'y  hitting  the  containment 
cylinder  or  guard  cylinders. 

Tne  detector  system  resoense  to  2  ~m  ’aad  oalls  nas  been  determined. 

It  has  been  concluded  that: 


ig.  3.4  Detector  Resoonse  to  2  negatively  Charged  2  m  Lead  Ball. 
Grounded  Guard  Cylinders. 


Scales : 


Detector  Response:  2  V/cm 
horizontal :  20  ?.s/c.t 


Detector  Response  to  a  negatively  Dhargec  2  rr  .ead  Dal*, 
'io  Guard  Dy* inters. 


; 

Scales : 

Detector  Response:  5  V/cm 
Horizontal:  20  ms/ an 


Detector  Response  to  a  Negatively  Charged  2  mm  Lead  Ball 
Directly  Hitting  the  Detecting  Cylinder. 
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(a)  The  presence  of  guard  cylinders  sharpened  signal  rise  time. 

(b)  Srounding  the  guard  cylinders  further  sharpened  signal  rise 
timeout  not  as  much  as  (a). 

■  c)  Positively  charged  balls  gave  rise  to  negative  detector  resoonse 
as  expected.  The  response  polarity  changed  as  the  charge  on  the 
ball  changed  polarity.. 

(d)  Negligible  signals  were  oroducad  by  the  balls  striking  the  guard 
cylinders  or  the  floating  inner  shield. 

(a)  Ball  velocities  were  measured  and  found  to  have  reasonable  values. 

3.3  Detection  and  Character;' zation  of  Artificial  Mi croparti cles 

The  second  phase  of  experimental  work  involved  the  character! zation 
of  artificially  introduced  mi  croparti  cles  for  low  excitation  voltages* 
which  did  not  causa  breakdown  .and  for  higher  excitation  levels, where  gap 
discharge  did  occur. 

7ne  artificial  microparticles  were  certified  zinc  metal  dust 
( Zn-39 . 5ri ,  Ni-.5S)  from  Fisher  Scientific.  T’ne  zinc  dust  was  observed 
under  a  microscope  to  consist  primarily  of  spherical  particles  having 
radii  between  1  and  Sum. 

Electrode  preparation  for  the  artificial  mi  croparti  cle  measurements 
consisted  of  degreasing  using  tri chloroethylene,  followed  by  methanol 
and  distilled  H,  0  Paths.  7ne  top  electrode  was  coated  with  a  thin  layer 
of  low-vaDor  oressure  Varian  vacuum  grease.  Zinc  dust  was  then  light¬ 
ly  sprinkled  on  the  greased  surface  to  provide  the  source  of  artificial 
microoarticles. 

"he  vacuum  gac  spacing  for  all  of  the  artificial  microparticle 
data  was  3.0  mm.  The  oottom  electrode  was  the  oerforated,  305um  hole 
pi  amt  ter,  screen.  Aggi  tionally ,  the  system  oressure  was  aooroximately 


4-  x  1Q‘°  Torr.  All  measurements  were  made  with  an  AD506  as  the  first 
stage  amplifier  and  a  system  gain  of  10  (9.43). 

Lew  voltage  data  were  first  obtained  with  the  guard  cylinders  not 
grounded  and  a  system  input  capacitance  of  5.2  pF.  The  ungrounded  con¬ 
dition  was  inadvertant,  but  the  results  will  be  reported.  Results  ob- 

•  • 

tained  were  similar  to  those  seen  in  Figures  3.7  and  3.3  for  positive 
gap  excitation.  The  two  responses  in  Fig.  3.7  imply  particle  charge 
magnitudes  of  0.12  pC  and  0.09  pc,  respecti vely ,  and  velocities  of 
approximately  25.0  m/s  and  10.0  m/s.  These  particles  have  calculated 
radii  of  S.Oum  and  9. Out,  respectively .  The  particles  in  Fig.  3.3  irmly 
cnarges  of  aporoximately  0.07  pC  and  0.06  pC  and  velocities  of  12.0  m/s. 
Conditioning  was  apoarent  in  that  further  gap  excitations  ,at  the  same 
voltage  level  .produced  carticles  of  lower  charge,  and  ultimately  no 
response.  Additional  particle  responses  were  produced  only  after  a 
voltage  increase. 

Detector  system  response,  with  ungrounded  guard  cylinders,  to 
negatively  charged  zinc  particles, has  also  been  determined.  Again  a 
conditioning  effect  was  apparent.  Fig.  3.9  shows  the  detector  response 
to  a  negatively  charged  zinc  particle.  The  excitation  trace  was  inverted 
to  solve  a  triggering  problem. 

All  subsequent  mi crooarti cle  data  have  been  produced  using  grounded 
guard  cylinders,  "he  system  input  capacitance  increased  to  .7.2  oF  for 
this  confi guration.  All  other  conditions  remained  unchanged.  pig.  3.10 
is  typical  of  the  positively  charged  artificial  mi  crooarti  cle  data,  "he 
particle  in  c1g.  3.10  was  produced  at  36  <7,  has  a  charge  of  0.2  oC, 
and  a  velocity  of  14.0  m/s.  Fig.  3.11  snows  several  positive  mi  crooarti  c 
responses,  and  an  additional  response  that  is  similar  to  the  ^soonse  of 


Fig.  3.7  Detector  Response  to  Positive  Zinc  Particles.  Ungroundec 
Guard  Cylinders. 


Scales: 

Top:  Excitation,  20  kV/an 

Sottom:  Detector  Response, 
.2  7 /cm 

Horizontal:  5  ns/an 


Detector  Response  to  3ositive  Zinc  Articles.  Ungrounded 
Guard  Cylinders. 
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"ig.  2.9  Detector  Response  to  a  Negative  Particle.  Ungrounded 
Guard  Cylinders. 

t 

! 

» 


» 

Scales : 

Detector  Response:  .1  V/cm 
Horizontal:  1  rr.s/cn 

i 


rig.  3.10  Detector  Resoonse  to  a  Positive  ^article  Guard 
Cylinders  Grounded. 
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Scales: 

Cetact or  "aspcr.se:  .2  V/c r. 
Horizontal :  2  ms/ cm 


ria.  3. 11  Oetactor  Response  to  a  Positive  20  '<V  Peak  Voltage. 
Guard  Cylinders  Grounded. 


$ 


Fig. 


3.12  Oetector  Response  to  a  Negative  36  !<V  Peak  Voltage. 
Guard  Cylinders  Grounded. 
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a  oarticle  hitting  the  detector  cylinder.  This  response,  which  is  seen 
only  occasionally,  is  seen  for  ocsitive  and  negative  excitations,  and 
usually  is  positive  irrespective  of  gaD  voltage  oolarity.  Later  investi¬ 
gations  attemot  to  explain  this  fast  rise,  slew  decay  detector  response. 

Fig.  3.12.  shows  a  typical  detector  response  to  negatively  charged 
zinc  mi croparticles .  This  trace  is  only  a  small  section  of  the  total 
detector  response  to  a  half-cycle  excitation.  The  gap  voltage,  which  is 
not  shown,  was  viewed  using  another  oscilloscope.  The  first  particle, 
which  was  produced  at  a  gaD  voltage  of  36.0  k’/,has  a  charge  of  0.085  pC, 
a  velocity  of  50.0  m/s,  and  a  calculated  radius  of  4.3un.  The  second 
sarti  tie  .which  has  a  c.narge  of  0.07  a  C,  a  velocity  of  20.0  m/s,  and  a 
radius  of  5.3un.was  also  produced  at  approximately  36  kV.  Fig.  3.13  shows  a 
negative  particle  produced  at  16.0  kV  and  a  fast  rise,  RC  decay  response. 
Note  that  the  response  is  positive  and  it  occurred  before  the  microparticle 

entered  the  detecting  cylinder.  The  failure  of  this  response  to  change 
polarity  with  gap  voltage  polarity  change  confirmed  that  it  was  not  pro¬ 
duced  by  a  particle  striking  the  detecting  cylinder.  There  was  no  appar¬ 
ent  pattern  connected  wi th  the  aopearance  of  this  response.  It  was 
observed  prior  to,  after,  and  without  accompanying  mi crooarti cle  signals. 

An  initial  attempt  to  describe  these  responses  is  described  in  the  follow¬ 
ing  paragraoh. 

One  possible  interpretation  of  the  detector  responses  seen  in  Figures 
3.11  and  3.13'is  that  they  are  noise  arising  from  mi cro discharges  in  the 
intergap  region.  This  possibility  was  investigated  by  replacing  the  screen 
electrode  with  thick  solid  foil,  applying  gaD  voltage,  and  monitoring 
the  detector  response.  The  detector  response  to  oositive  and  negative 
voltages  near  and  above  breakdown  levels  was  always  ,a  fast  rise  time 
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Positive  impulse, whi cn  then  decayed  with  the  detector  system  inout  time 
constant  (m  =  ).  For  ocsitive  gap  voltages,  this  response  appeared 

with  or  without  apparent  gap  voltage  collapse  as  viewed  across  a  resis¬ 
tive  voltage  divider  consisting  of  series  2  watt  carton  resistors.  Ttis 
response  did  not  occur  for  negative  axcitation.wi thout  definite  partial 
gap  voltage  collapse,  when  this  response  appeared, wi th  breakdown  excita¬ 
tion  of  both  polarities,  it  appeared  before,  after,  and  simultaneously 
with  tne  voltage  collapse.  These  results  support  the  interoretati on 
that  intergap  activity  cause  these  "noise"  responses. 

Closer  examination  of  the  data  in  Fig.  3.13  reveals  a  possible 
connection  between  mi'croparti  cle  production  and  tne  apoearance  of  noise 
responses.  7ne  charge  of  the  observed  mi crooarticle  is  aoproximately 
0.1 3  pC,  and  its  velocity  is  19.0  m/s.  7nis  particle  would  have  requi  red 
approximately  3.G  ms  to  travel  the  10.0  cm  from  the  top  electrode  to 
the  detecting  cylinder,  and  thus  would  have  left  the  top  electrode  at 
the  same  time  of  the  noise  response.  This  implies  either  the  micropar¬ 
ticle  was  produced  by  the  discharge  or  that  the  discharge  was  caused  by 
the  removal  of  the  particle  from  the  top  electrode.  However,  additional 
data,  an  example  of  which  is  seen  in  Fig.  3.14,  shew  too  long  a  time 
delay  between  noise  response  and  microparticle  signal  to  make  either  of 
these  inferences.  Measurements  at  higher  voltages,  where  gap  breakdown 
obviously  occurred,  were  conducted  to  further  investigate  the  noise 
phenomenon. 

The  microparticle  detector  response  to  artificial  microparti cles, 
produced  by  voltages  which  caused  partial  gap  voltage  collapse»have  also 
been  studied.  These  partial  voltage  collapses  were  observed  using  the 
resistive  voltage  divider.  The  following  situations  were  observed  for 
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«e  overvoltages: 

a  :ac  /o'  oace  te^t-rsat'  on  "o' 'owed  ov  2  mi  orcoart'  tie  s'cra', 
r :r  rc  nc'se  gral s 


I  a  /c’tage  ce^curcadon  c'-ecscea 


"O’se  s'g^a’  and  ■"ic^oca  - 


tide  signals 

3'  a  voltage  perturbation  and  a  s  ;mul  taneous  no*se  resconse,  and 
a  /cl tage  oerturtati  on  orececed  and  *0 ' '  owed  3 y  no'se  '"esconses. 
There  were  no  mi  croparti cles  produced  for  this  situation. 

“'•ere  .e'*®  oases  wnen  no  /oitace  oertjrtat'on  *as  observed.  Cetecoor 
-'esoanse  "'or  tnese  oases  oons'sted  of  ■'O'se  and  mi  crccart"  ole  signals. 

r*  g  3.15  snows  the  detector  resconse  "or  case  .’outage  collaose 

associated  wicn  an  intargao  discharge  is  seen  to  *cour  at  a  excitation 


f'e'  0  of  5c, 2  <7  0.3 
approximately  0.5  ms, 
large  mi  croDarti  cl  a  s 


cm  »  7C.0  '<7 /cm.  This  discharge  is  followed,  after 
oy  a  single  microparti  cle  signal  and  then  several 
ignals.  The  shape  of  the  detactor  signal,  as  the  gap 


voltage  gees  to  zero.is  not  understood. 

rig.  3.15  snows  the  detector  response  for  over/ol tage  situation  (2). 

A  positive  noise  signal  precedes  the  voltage  perturbation,  and  is  followed 
by  mi crooarticle  responses.  Again,  the  detector  response,  as  the  gap 
voltage  approaches  zero.is  not  understood. 

Case  (3)  detactor  response  is  seen  in  Fig.  3.17.  Two  noise  resoonses 
are  seen  on  the  detector  output  trace.  The  voltage  collapse  aDparently 
introduces  the  first  resoonse,  but  the  cause  of  the  second  is  not 
known. 


Fig.  3.13  shows  the  detector  response  described  by  the  fourth 
observed  situation.  The  cause  of  the  negative  noise  response  is  not 
known.  Previously,  all  such  noise  responses  were  positive  irrespective 
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rig.  3.13  Detector  Response  to  a  Positive  Overvoltage. 


Scales: 

Top:  Excitation,  4C  '<V/cm 

Bottom:  Detector  Resoonse, 
.2  V/cn 

Horizontal:  5  ms /cm 


Fig.  3.13  Detector. Response  to  a  Positive  Voltage  with  \'o 
Apparent  Gap  Voltage  Perturbation. 
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of  voltage  polarity.  This  was  the  only  negative  noise  observed  during  the 
artificial  zinc  microparticle  tests. 

Finally,  Fig.  3.19  shows  the  detector  response  when  the  gap  voltage 
was  not  observed  to  collapse.  A  microparticle  signal  appears  after  the 
excitation  peak  and  a  noise  response  is  seen  to  appear  approximately  16  ms 
later  after  the  voltage  has  apparently  reached  zero.  A  small  voltage  does, 
however,  probably  exist  across  the  gap  and  is  sufficient  to  propagate  pre¬ 
breakdown  mechanisms  started  by  higher  field  values. 

Overvoltaged-gap,artificial  microparticle  data  have  also  been  ob¬ 
tained  using  negative  voltages.  Negative  gap  breakdown  voltages  were 
in  general  only  two-thirds  the  magnitude  of  the  positive  breakdown  vol¬ 
tages,  so  direct  comparisons  between  positive  and  negative  data  may  not 
be  possible.  The  only  detector  response  to  negative  overvoltages  was  the 
noise  response  indicative  of  a  interelectrode  region  microdischarge. 

This  noise  response  appeared  before,  simultaneously  with,  and  after 
observed  gap  voltage  perturbations.  No  microparticle  signals  were  observed. 
The  lack  of  microparticle  signals  could  be  a  result  of  gap  conditioning, 
but  the  actual  cause  could  not  be  determined.  A  typical  detector  response 
to  a  negative  gap  overvoltage  is  shewn  in  Fig.  3.20. 

The  final  test, involving  the  detection  of  artificial  mi crcparti cles , 
is  concerned  wi th  improving  the  risetime  of  the  detector  response.  The 
detector  signal  risetime,  when  used  in  conjunction  with  grounded  guard 
cylinders,  is  longer  than  expected.  Typical  data  are  shown  in  Figures 
3.21,  3.22,  3.23,  and  3.24.  The  ratios  of  the  length  of  the  pulse  flat 
top  to  the  risetime  in  each  of  these  cases  are  given  in  Table  3.1.  It 
was  expected  that  this  ratio  should  be  rather  constant  and  dependent 
only  upon  geometry  (size  of  detecting  cylinder  and  distance  between  guard 
and  detecting  cylinder).  The  distance  between  the  guard  and  detecting 
cylinder  was  measured  and  found  to  be  7  mm.  Tine  gap,  which  could  ccnciev- 


.  2. 21  Detector  Response  to  a  Positive  Zinc  Particle.  7  mm 
Detecting  Cylinder  to  Guard  Cylinder  Separation. 


Scales: 

Deteczor  Response,  .1  7/ cm 
Horizontal  :  .5  ms/cm 


.  3.22  Detector  Response  to  a  Positive  Zinc  Particle.  7  mm 
Detecting  Cylinder  to  Guard  Cylinder  Separation. 


redactor  Response:  .35  V/cn 


'ig.  3.23  Detector  Response  to  a  Positive  Zinc  Particle. 

7  ran  Detecting  Cylinder  To  Guard  Cylinder  Separation. 


ig.  3.24  Detector  Response  to  Two  Negative  Zinc  Particles. 

7  ran  Detecting  Cylinder  to  Guard  Cylinder  Separation. 
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Figure  Number 

3.21 

3.22 

3.23 

3.24  (second  pulse) 


Flat  Top/Rise  Time 

1.2  ms/0.3  ms  3  1.5 
0.75  ms/0.25  ms  3  3 
0.35  ms/0.1  ms  3  3.5 
0.75  ms/0.35  ms  3  2.14 


Table  3.1.  Ratios  of  Pulse  Flat  Top  Duration  to  Rise  Time  for 
7  inn  Distance  Between  Guard  and  Detecting  Cylinders. 
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ably  contribute  to  slow  rise  time,  was  reduced  to  1  mm  and  mi croparti cle 
data  again  produced.  Tyoical  detector  outputs  for  this  arrangement  are 
seen  in  Figures  3.25,  3.25,  3.27,  and  3.23.  All  of  these  responses  were 
obtained  using  a  positive  excitation. 

The  ratios  of  flat  top  duration  to  rise  time  are  tabulated  in  Table 
3.2.  In  general,  there  is  slight  improvement.  The  analog  measurements  men¬ 
tioned  in  section  2.5.5  further  investigate  the  cause  of  the  slow  detector 
signal  rise  time. 

The  detector  system  response  to  artificial  zinc  particles  of  radii 
co  5. Gum  has  been  determined.  Results  are  as  fellows: 

U)  Square  mi crcparticle  signals  have  been  obtained  for  both  positive 
and  negative  excitations,  from  which  mi  croparti  cle  velocity  and 
charge  can  be  easily  determined.  Typical  values  are  0.02  pC  to 
0.2  pC  and  10.0  m/s  to  70.0  m/s. 

(b)  Fast  rise  time,  exponentially  falling  signals  have  been  observed, 
together  with  the  microparti  cle  signals  for  positive  and  negative 
excitations.  Using  a  solid  bottom  electrode,  these  signals  were 
shown  not  to  be  detector  responses  -to  mi  croparti  cles .  It  was 
postulated  that  these  noise  signals  are  associated  with  gap 

mi cro discharge  activity.  Noise  responses  have  been  observed  to 
occur  before  and  after  mi croparticle  detection.  In  some  cases  it 
was  possible  to  relate  the  noise  signals  to  microparticle  signals. 

(c)  The  detector  response  to  overvoltages  has  been  determined  for 
positive  and  negative  excitations.  Voltage  perturbations,  re¬ 
lated  to  partial  or  complete  gap  voltage  collapse  have  been 
observed  togetherwith  microoarticle  and  microdischarge  noise 
signals  for  positive  excitation.  The  relationship,  if  any, 
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Cetector  Response  to  a  Positive  Zinc  Particle.]  m 
Detecting  Cylinder  to  Guard  Cylinder  Seoaration. 


Scales : 

Too:  Excitation,  40  kV/cm 

Bottom:  Cetector  Response, 
.05  V /an 

Horizontal:  .5  ms /cm 


:5  Cetector  Response  to  a  Positive  Zinc  Particle.!  .mm 
Detecting  Cylinder  to  Guard  Cylinder  Separation. 
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7  Detector  Response  to  Positive  Zinc  Particles.!  mm 
Detecting  Cylinder  to  Guard  Cylinder  Separation. 


Scales: 

Detector  Response:  .05  '//cm 
Horizontal  :  .2  rns/cm 


IZ  Detector  Response  to  a  Positive  Zinc  Particle.  1  ran  Detecting 
Cylinder  to  Guard  Cylinder  Seoaration. 
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Figure  'lumber 


3.27  (last  pulse) 


Flat  Top/Rise  Time 


1 .0  ms/0.5  ms  =  1 .7 


0.5  ms/0.2  ms  =  2.5 


0.75  ms/0.2  ms  a  3.3 


0.^2  ms/l.Q  ms  *  4.2 


Table  3.2.  Ratios  of  Pulse  Flat  Top  Duration  to  Rise  Time  for 
1  mm  Distance  3etween  Guard  and  Detecting  Cylinders. 
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between  these  events  could  not  be  determined.  Only  microdis¬ 
charge  signals  were  observed  for  negative  excitation,  but  this 
could  be  due  to  a  conditioning  effect. 

Id)  The  microparticle  signal  rise  time  has  been  investigated  as  a 

function  of  spacing  between  the  guard  and  detecting  cylinders. 

Slight  improvement  was  seen  for  a  reduction  in  this  spacing 

from  7.0  to  1.0  mm. 

Although  the  detector  system  resoonse  to  artificially  produced  micro¬ 
particles  is  important,  the  objective  of  this  research  is  to  attempt  to 
determine  the  role  of  naturally  occurring  mi croparti c las  in  vacuum  break- 
ccwn . 

3.4  Detection  and  Character;' zation  of  Naturally  Occurring  Mi croparti cles 

The  primary  objective  of  the  presented  research  was  to  determine  the 
characteristics  of  microparticles  produced  in  a  planer  high  voltage 
vacuum  gap  using  Dulsed  excitation.  Specifically,  particle  mass,  velocity, 
charge  and  size  were  determined.  Furthermore,  for  seme  data,  the  vacuum 
gap  current  and  voltage  were  simultaneously  measured, together  with  the 
detector  response, wi th  the  intent  of  relating  breakdown  cnencmena  to 
mi  croparti  cle  production. 

The  experimental  condi  tions,  for  the  initial  attempt  to  detect 
naturally  occurring  microparticles, were  as  follows.  The  top  electrode 
was  thoroughly  cleaned,  and  the  gap  set  at  10  mm.  "he  bottom  electrode 
was  the  45;*  transoarent  screen.  An  AD5G6  served  as  the  first  stage 
emoli fi er-The  input  capacitance  was  7.2  pF  (for  all  other  cases,  Gin  = 

4.3  oF  ror  an  AD5C6).  The  system  background, high  frequency  ,h.oise  was  5  mV. 


This  background  noise  reduced  system  input  charge  sensitivity  to 
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The  total  electronics  system  gain  was  always  approximately  10*  The 
guard  cylinder  to  detector  cylinder  spacing  was  1  mm,  and  the  quard 
cylinders  were  always  grounded.  The  gaD  voltage  was  viewed 
using  the  previously  described  resistive  voltage  divider.  The  gap  vol¬ 
tage  and  detector  response  were  viewed  using  3, series  549, Tektronix 
storage  oscilloscopes.  For  all  data  runs, except  one,  these  scopes  were 
externally  triggered  5  ms  apart, with  the  first  scope  triggered  at  the 
beginning  of  the  gap  voltage  rise. 

For  the  initial  experiment,  positive  gaD  voltage  of  magnitudes  between 
5  k V  and  120  k V  was  applied  a  total  of  87  times.  No  detector  response 
was  seen  until  the  first  partial  gap  voltage  collapse  at  50  kV.  Detector 
response  to  this  collapse  was  the  microdischarge  noise  type  signal 
described  in  section  3.3.  The  same  response  is  shown  in  Fig.  3.29  for 
the  next  partial  voltage  collapse  at  72  kV.  Sometime  after  the  37th 
voltage  application  the  first  stage  amplifier  was  destroyed. 

The  first  stage  op-amp  destruction  was  normally  accompanied  by  a 
large  change  in  dc  offset  voltage  (milivolts  to  volts).  After  any  such 
change,  the  first  stage  op-amp  was  replaced  if  it  was  found  to  be  defec¬ 
tive.  Any  one  of  the  following 'conditions  usually  indicated  the  first 
stage  op-amp  was  not  operating  correctly: 

(1)  a  non-unity  first  stage  gain 

(2)  an  incorrect  frequency  response 

(3)  a  signal  could  not  be  capacitively  coupled  into  the  first  stage 
input  as  seen  in  Fig.  3.30. 

The  circuit  seen  in  Fig.  3.30  is  the  one  used  to  measure  detector  system 
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"co :  Excitation,  -C  '<7/ cm 

Bottom :  Detector- Response , 
.:=  7/ cm 

Horizontal:  .5  ms/cn 

letactor  Response  to  ?i 

irtial  ?ac  Voltage  Collapse. 

3.30  Circuit  Used  to  Measure  Microparticle  Detection 
System  Input  Capacitance. 


input  capacitance.  XJ. n ,  the  known  input  voltage,  is  related- to  7 0(Jt, 
the  first  stage  output  voltage,  by: 


out 


A‘n 

C1  +  C2 


where  C-j  is  a  known  capacitance  and  C ^  is  the  effective  input  capacitance 
of  the  mi croparticle  detection  system. 

The  operational  amplifier  was  replaced  with  an  AD515  amplifier  and 
more  measurements  were  made.  The  top  electrode  was  roughened  slightly 
using  000  grit  emory  paper  for  subsequent  measurements.  The  electrode 
was  then  thoroughly  cleaned  and  the  gap  set  at  5  mm.  The  45%  trans¬ 
parent  screen  was  used  as  the  bottom  electrode.  System  input  capaci¬ 
tance  was  3.24  pF  and  the  background  noise  was  1.5  mV.  The  resulting 

system  sensitivity,  for  a  unity  noise  to  signal  ratio,  was  q  =  4.9 

-15 

x  10  C.  The  gap  voltage  and  detector  response  were  viewed  for  1  ms 
prior  to  and  2  ms  after  the  peak  gap  voltage. 

Positive  voltage  of  magnitudes  between  80  kV  and  approximately  120  kV 
was  applied  to  the  gap.  The  most  prevalent  detector  responsetover  this 
entire  voltage  range>was  a  microparticle  signal  large  enough  to  saturate 
the  second  stage  amplifier  (q  >  2.9  pC) .  A  typical  saturation  response 
is  seen  in  Fig.  3.31.  It  should  be  noted  that  two  microparticle  satura¬ 
tion  signals  are  shewn.  This  type  response  was  seen  before  and  after 
smaller  mi croparti cl e  signals. 

Smaller,  non-saturating,  mi croparti cle  signals  were  also  observed. 
Figures  3,32  through  3.37  show  typical  responses.  The  microoarticle  data 


does  not  appear  "square."  The  reason  for  this  is  unknown. 

The  measured  cnarge  and  velocity,  and  calculated  mass  and  radius 


Detector  Response:  5  '//cm 


Scales: 

Detector  Response:  1  7/ cm 
Horizontal:  ICC  us/ cm 


Microparticle  Signal.  Peak  Voltage  =  92  !<7. 
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scales : 

Detector  Response:  .3  'll cm 

Horizontal:  ICO  us/cm 


Fig.  3.33  Microparticle  Signal.  Peak  Voltage  3  92  kV. 


Scales: 


Top:  Excitation,  40  kV/cm 

Bottom:  Oetector  Response, 
.2  '//cm 

Horizontal:  100  us/cm 


Fig.  3.34  Microparticle  Signal. 


Bottom:  Cetactor  Resoonse, 

o  '//cm 


Horizontal :  1  CO  us/ cm 


Fig.  3.35  Microparticle  Signal.  Peak  Voltage  *  80  kV. 
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values  for  the  microparticle  signals  shown  are  listed  in  Table  3.3. 

The  data  of  Fig.  3.37  illustrates  different  conditions  frcm  those 
of  the  other  data.  Gap  breakdown  occurred  while  the  mi croparti cle  was 
within  the  detecting  cylinder.  The  subsequent  detector  response  is  not 
understood.  Tne  typical  detector  response  to  a  partial  voltage  collapse 
is  a  positive  noise  response  similar  to  that  seen  in  Fig.  3.29. 

Because  of  the  large  positive  mi  croparti  cle  signals,  the  second 
stage  electronics  were  altered  to  allow  for  a  gain  of  one.  Subsequently, 
a  vacuum  feedthrough  was  damaged  before  negative  gap  voltage  could  be 
aopliad.  This  prevented  continuation  of  thesedata,  and  thus  comoarison 
of  positive  and  negative  mi  croparti  cle  data. 

.An  additional  diagnostic  technique, involving  current  measurement, 
was  added  in  an  attempt  to  relate  microparti  cle  production  to  vacuum  gap 
breakdown.  A  60  ks  current  measuring  resistor  was  installed  in  the  ground 
return  from  the  bottom  transparent  electrods.  This  electrode  was  insulated 
from  the  outer  ground  cylinder  by  a  Delrin  ring.  This  scheme  measured 
both  displacement  and  conduction  (discharge)  currents. 

Typical  voltage  and  current  measurements,  obtai ned  without  vacuum 
breakdown  or  prebreakdcwn ,  are  shown  in  Fig.  3.38.  The  current  trace  is 
due  solely  to  displacement  current.  It  should  be  observed  that  the  cur¬ 
rent  zero  occurrs  simultaneously  with  the  voltage  maximum  as  is  expected 
for  a  capacitive  system. 

Typical  results  obtained  for  voltage  levels  where  vacuum  breakdown 
did  occur  are  shorn  in  Fig.  3.39.  The  current  trace  of  Fig.  3.39  shows 
two  small  positive  spikes  which  occur  at  7  ms  and  7.6  ms,  a  large  negative 
spike  at  10  ms,  and  a  positive  and  negative  soike  at  12  ms.  The  events  at 
10  ms  and  12  ms  are  associated  with  voltace  collapses.  Tt  is 
believed  the  small  current  pulses  (  20  A), not  associated 
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Charae 

Vel oci ty 
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Radi  us 
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(PC) 

(m/s) 

M 

(•um) 

3.32 

.372 

67 

3.3  x  10"11 

10.6 

3.33 

.21 

35  • 

5.4  x  10"12 

5.5 

3.34 

.11 

=  100 

1.3  x  10"12 

.  3.3 

3.35 

.13 

75 

3.7  x  10"12 

4.8 

3.36 

1.9 

=90 

3.3  x  10"11 

10.4 

3.37 

.039 

=60 

1.7  x  10"12 

3.7 

Table  3.3  Characteristics  of  Naturally  Occurring  Microparticles . 


with  voltage  collapse  are  sel  f-auenching  mi  crodis  charges ,  and  that  the 
larger  spikes  are  total-gap  discharge  currents. 

"he  initial  data , taken  measuring  both  detector  response  and  gaD  current, 
were  inadvertently  collected  with  a  defective  first  stage,  thus  reveal- 
ing  no  'useful  microparti cle  information.  However,  two  observations  could 
oe  made: 

['.]  positive  sel f-breakdcwn  voltage  was  larger  than  negative,  ana 

[2)  after  application  of  negative  voltage,  tne  ccsitive  self- 
breakdown  voltage  was  lowered. 

No  attempt  was  made  to  verify  result  (2)  ,for  a  switch  ->om  positive  to 
"egative  excitation. 

Typical  simultaneously  acquired, current,  voltage,  and  mi  croparti cle 
data  for  positive  gap  excitation  are  shewn  in  Figures  3.40  and  3.41. 

These  figures  show  two  of  the  three  mi  croparti cles  produced  in  a  5  mm 
gaD  ~or  43  total  gap  excitations , for  voltages  between  20  kV  and  90  !<7. 
Thirty-seven  similar  voltage  applications  for  a  10  mm  gap  produced  no 
microparticles.  C-n  was  4.8  pF  (AD506)  and  the  background  noise  was  1.74  mV, 
for  these  80  voltage  applications.  Additionally,  the  top  electrode 
was  roughened  slightly  with  000  emory  paper  prior  to  vacuum  gap  assembly. 
The  only  notable  difference  between  the  5  mm  and  10  nm  data  was  that  the 
oottom  electrode  was  the  IcOOum  square-hole  mesh  for  the  5  nm  data  and 
tne  30  5  urn  diameter  nole  screen  for  the  10  mm  data. 

No  voltage  breakdown  or  current  discharges  occurred  for  the  data  of 

Fig.  3.40.  Mi  crodis  charges  are,  however,  seen  on  the  current  trace.  The 
-irst  mi  crodis  cnarge  current  spike  occurs  simultaneously  with  the  noise 
response  of  the  detector.  Every  noise  response  of  the  detector  corres¬ 
ponds  to  a  microdi scharge  current  spike,  the  converse  is, however,  not  true. 


U  1 


Scales  : 


Too:  Excitation,  4C  kV/cm 

Bottom:  Detector  Response 
50  mV/ cm 

Horizontal:  .3  ms/cm 


.  Z.y.  3a o  Voltage,  Detector  Response  and  3ao  Current*  5mm  Gap. 
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The  microparticle  ,  having  charge  q  =  9.6  x  10  C  and  velocity  60  m/s, 
traveled  the  100  mm  between  the  top  electrode  and  detector  in  1.5  ms 
and  thus  w as  pulled  off  the  top  electrode  at  a  voltage  of  50  !<V.  There 
was  no  current  discharge  resDcnse  at  this  voltage. 

For  the  data  of  Fig.  3.4V, a  voltage  breakdown  and  associated  cur¬ 


rent  discharge  occurred  after  detection  of  the  microparticl e.  The  micro- 

1  d 

particle, which  nas  a  charge  of  1.-  x  10  C  and  a  velocity  of  43  m/s.  was 


produced  at  15  '<7. 


The  microparticle  detector  response  most  often  observed  dur 


in g  the  simultaneous  measurement  of  gap  voltage,  detector  response,  and 
gap  current.was  a  positive  noise  signal > indicative  of  a  microdischarge. 
Small  positive  and  negative  current  soikes  were  seen  on  the  current 


trace  with  no  breakdown  and  only  large  positive  spikes  were  seen  at 
oreakdown.  The  small  negative  current  spikes  were  not  seen  until  peak 
gap  voltages  of  aooroximately  60  kV( 56  kV  for  the  5  mm  gap,  and  56  kV 
for  the  10  mm  gao)  were  reached.  It  should  be  noted  that  the  observed 


negative  polarity,  for  the  positive  excitation,  is  not  presently  explainable. 


The  microparticle  detector  response,  gap  voltage,  and  gap  current 

were  also  simultaneously  viewed  for  negative  excitations  of  a  5  mm  gap. 

: he  conditions  were  the  same  as  for  the  positive  excitation  case,  and  the 

-6 

system  pressure  was  6x10  Torr.  The  top  electrode  surface  was  not  roughened 
again.  'lo  microparticles  were  seen  for  a  total  of  10  voltage  appli¬ 
cations  between  23  ana  63  kV,  where  breakdown  occurred.  The  only  de¬ 
tector  response  was  positive  noise  signals  that  occurred  simultaneously 
with  small  negative  current  spikes. 


Instruction  of  the  first  stage  amolifier  by  a  gap  voltage  col¬ 
lapse, which  had  been  an  occasional  oroblem  before  the  addition  of  the 
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current  viewing  resistor,  became  more  o~  a  problem  a"tar  its  addition. 


“he  discharge  current  yn ion  is  limited  by  a  *3  'T. 
was  oel ievea  too  small  to  explain  this  orange,  so 
was  taken  without  the  current  viewing  resistor. 


ser-'es  -esi stance, 

* rsr^ct  i  nine  'i&.zs 


Initial  data,  with  no  current  viewing  resistor,  were  taken  for  a 
5  inn  gap  using  an  AD506  as  the  first  stage  amplifier.  C^n  was  4.8  pF 

_5 

and  background  noise  was  1.74  mV.  System  pressure  was  2  x  10  Torr.  The 
first  34  positive  voltages  appl ications, between  16  kV  and  72  kV, produced 
only  positive  and  negative  microdischarge  signals.  The  last  voltage  ap¬ 
plication,  which  destroyed  the  AD  506,  and  the  associated  detector  response, 
is  shown  in  Figure  3.42.  At  least  two  microparticle  signals  are  seen. 

Their  charges  are  8.2  x  10’14C  and  6.2  x  10"14C,  respectively,  and  their 
velocities  are  both  approximately  400  m/s.  The  small  positive  signal, seen 
before  the  first  microparticle.precedes  the  particle  arrival  at  the  de¬ 
tector  by  approximately  .25  ms.  If  this  signal  is  a  microdischarge  signal, 
it  would  have  been  produced  at  approximately  the  same  time  as  the  micro¬ 
particle. 


Aaditional  data  taken  for  a  13  mm  gac  using  an  -D515  as  the  first 
stage  with  sensitivity  of  c  »  5.5  ,<  13’1""  gave  only  oositive  noise 
signals  for  23  positive  voltage  excitations  between  54  <y  and  30  kV. 
Initial  partial  gao  voltage  collapses  at  72  <7  did  not  oarm  tne  *irst 
stage  oo-amp,  but  one  at  EC  <7  destroyed  it.  Eecause  o£  t-e  nooeatac 
failure  of  both  stages  of  tne  electronics  at  gaD  breakdown,  a  protec¬ 
tion  seneme  was  devised  to  protect  tnem  from  large  transiet  voltages. 

'hi s  protection  seneme  is  s.nown  incorporated  in  tne  electronics 
in  rig.  3.43.  Ciodes  3-j  and  Z7  and  -esistor  were  added  to  protect 

the  input  of  tne  -irst  stage  oo-amp.  At  gao  breakdown,  a  large  pcs';- 
«  • 

tive  or  negative  inout  voltage  would  forward  bi3S  either  3.  or  D9. 


Gap  Voltage  and  Microparticle  Signal 


Fiy.  3.43  Uiaynostic  Electronics  incorpora  tiny  a  Protection  Scheme. 
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The  voltage  at  node  1,  the  op-amp  input,  would  then  be  limited  to  ap¬ 
proximately  V  minus  the  diode  voltage  drop.  The  major  portion  of  the 
breakdown  induced  input  voltage  would  then  be  dropped  across  R-j . 

A  gap  breakdown  may  raise  the  floating  inner  cylinder  to  a 
high  potential.  In  this  case  diodes  and  clamp  the  output  of 
the  first  stage' to  2  V^.  d  (approximately  1.4  volts),  and  the  output 
of  the  second  stage  to  approximately  14V.  Both  voltage  magnitudes  are 
easily  withstood  by  their  respective  op-amps. 

A  mis-match  in  the  leakage  currents  of  diodes  D-j  and  D£  caused 
a  5V  offset  at  the  output  of  the  first  stage  amplifier.  was  added 
to  prevent  this  offset  from  continually  forward  biasing  or  D^. 
was  added  to  prevent  saturation  of  the  second  stage  output.  Both  and 
^2  could  be  replaced  by  a  single  capacitor  placed  to  the  left  of  node  2 
in  Fig.  3.43,  but  the  first  stage  board  layout  prevented  this.  One  ad¬ 
ditional  circuit  change,  the  addition  of  C3 >was  made  for  stability 
purposes.  System  input  conditions  for  the  electronics  as  seen  in  Fig. 

3.43  are  Cin  a  4.8  pF  and  1  mV  background  noise.  A  total  of  92  positive 
voltage  applications,  of  magnitudes  between  13  kV  and  54  kV  for  a  10  mm 
gap,  have  been  applied  after  the  addition  of  the  protection  circuitry. 

These  excitations  produced  many  discharge  noise  signals  but  only  two 
definite  microparticle  signals.  One  of  the  signals  is  shown  in  Fig.  3.‘44. 

This  particle,  which  was  pulled  off  the  upper  electrode  at  40  kV,  has  a 

-14 

charge  of  2.4  x  10  C,  a  velocity  of  approximately  21  m/s,  and  a  calculated 
radius  of  5.14  urn.  Neither  of  the  two  particle  responses  were  associated 
with  gap  breakdown.  Application  of  negative  gap  voltage  followed  immediately. 


■mmmmfflWMmH 


V.7 


B  Scales : 

“op:  excitation,  13  kY/cm 

Zaro  is  1  cm  below  center 

reference  line. 

Bottom:  Detector  Response, 

.35  7/cn 

Horizontal :  .5  ms/ on 


rig.  3. 44  Positive  Microparticle  Signal. 


Scales : 

Too:  Detector  Response, 

Off 

Bottom:  Excitation,  13  kV/cn 
Horizontal:  .5  ms/ cm 


rig.  3.45  .Negative  Microparticle  Signal . 
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negative  gao  voltage  was  applied  a  total  of  70  times  for  voltage 
magnitudes  between  12  <7  and  cu.  <7.  -he  only  detector  resconse  was 
toe  micrcoarticl e  signa’  seen  in  rig.  3.75.  "his  particle,  which  was 

i  C 

orocjced  at  13  <7,  has  a  cnarge  of  9.5  x  1C”' WC ,  a  velocity  of  50  m/s* 
anc  a  radios  of  1.5  urn.  This  particle  was  not  associated  with  a  gap 
oreakdown.  Further  voltaoe  applications  at  higher  voltages  produced 
oischarge  noise  '"ssoonses*  The  large  noise  responses  prevented 


any  produced  particles  from  being  viewed. 

‘iaturally  occurring  microparticles*  produced  by  a  15  ms  pulse* 
nave  oeen  detected  and  c.oeir  characteristics  have  been  determined.  Ad¬ 
ditionally,  for  sore  data,  the  vacuum  gac  current  has  been  measured  with 
tne  intent  cr*  relating  vacuum  breakdown  to  microparticle  production.  It 
has  been  concluded  that, for  the  experimental  conditions  and  detecting 
sensitivities  described: 

(a)  Positive  microoarticles  are  produced  ^or  voltages  between 
=  15  ’<7  and  >IC0  k 7  for  a  5  mm  and  a  10  mm  gap. 

(3)  “hese  positive  microparticles  have  charges  between 

>  2.9  oC  and  9.6  x  1 0 " 1 5 C  (.0096  pC).and  velocities  which 
'’ance  from  *10  m/s  to  =A00  m/s.  Their  radii  range  from 
10  _m  to  *T.2-jn. 

•(c)  Only  a  few  positive  microparticles  are  produced  for 
voltages  =130  <7. 

i 

(  -)  There  is  a  oossible  corralaticn  between  electrode  sur¬ 
face  roughness  ana  production  o*  microparticles. 

(a)  Only  one  negative  microparticle  was  defected  “or  gap 
voltages  between  13  <7  and  53  <7.  "his  microparticle * 
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which  was  produced  at  18  kV,  had  a  charge  of  9.6  x  10  C, 
a  velocity  of  50  m/s,  and  a  radius  of  1.6  m. 

Breakdown  occurred,  consistently,  at  lower  voltages  for  the 
negatively  excited  gaps.  Breakdown  occurred  at  voltages  lower 
than  values  needed  for  substantial  microparticle  production. 

(f)  The  measurement  of  gap  current  revealed  microdischarges 
which  were  sometimes  associated  with  a  detector  "noise" 
response.  These  microdischarges  were  seen  with  arid  without 
microparticle  production. 

A  Marx  generator  has  been  constructed  and  is  currently  being  used 
to  excite  the  vacuum  gap.  The  Marx  is  capable  of  producing  pulses 

up  to  150  kV  with  durations  between  10  us  and  50  ms.  A  typical  Marx 
generator  output  is  shown  in  Figure  3.46. 

Preliminary  data  have  been  obtained  using  the  Marx  generator. 

These  data  are  shown  in  Figure  3,47.  The  top  trace  is  the  uncrowbared 
voltage  excitation  and  the  lower  trace  is  the  amplifier  output.  The 
detector  output  is  seen  to  increase  positively,  upon  application  of  the 
excitation  and  to  decay  towards  zero.  This  initial  rise  is  due  to  exci¬ 
tation  coupling  to  the  amplifier.  Attempts  are  being  made  to  eliminate 
this  initial  rise.  What  can  be  interpreted  as  microparticle  signals 
occurs  at  4.3  cm  on  the  grid  shown.  The  trace  shows  three  small  micro¬ 
particles  followed  by  a  larger  microparticle  at  5.8  cm.  Additional,  small 
microparticles  are  seen  at  5.6  cm  and  7.7  cm.  A  ricrodischarge  occurs 
at  7.8  cm.  The  data  shown  in  Figure  3.47  is  preliminary  but  does  indicate 
the  presence  of  microparticles  for  the  Marx  excited  vacuum  gap.  It  should, 
however,  be  added  that  noise  problems  still  exist  and  that  the  data  or 
Figure  3.47  is  among  the  best  yet  obtained. 


Data  similar  to  that  shown  in  Figure  3.47  have  been  obtained  for 
crowbaned' Marx  outputs.  Noise,  however,  continues  to  be  a  major  problem, 
especially  at  the  time  of  Marx  output  termination  (see  Figure  3.46). 
Grdundina  and  shielding  are  being  improved  to  reduce  the  induced  transient 
noise  levels. 


F 


Horiz  Scale  -  2  ms/cm 
Vert  Scale  -  50  KV/cm 


V^  -  35  kV/stage 


Delay  -  11 ^ms 


Figure  3.46.  Marx  Generator  Output. 
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Marx  output  voltage 
60  kV/cm 


Detector  output  5  V/cm 

Horizontal  scale 
5  ms/ cm 


Figure  3.47.  Marx  Generator  and  Microparticle 
Detector  Output. 
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CHAPTER  A 

SUMMARY  AND  SUGGESTED  FUTURE  WORK 

Microparticles  generated  in  a  vacuum  gaD  by  positive  and  nega¬ 
tive  pulsed  voltages  nave  been  detected  and  characterized  using  a  tech¬ 
nique  based  on  the  orinciole  of  electrostatic  charge  induction.  Tyoi- 

-1 5 

cal  c.narge  sensitivity  for  the  detector  is  -  10  C. 

The  detector  response  to  a  particle  o*  a  given  oolarity  has 
teen  ceteminec  by  dropping  charged  2  mm  lead  balls  through  tne  de¬ 
tection  system.  The  detector  resconse  to  these  balls  had  the  correct 
oolarity.  Positively  charged  balls  gave  rise  to  negative  signals,  and 
the  reverse  was  true  for  negatively  charged  balls.  The  detector  re¬ 
sponse  had  the  exoected  shape  as  shown  in  Fig.  2.5(b).  Additionally, 
tne  ball  velocities  were  found  to  be  in  agreement  with  calculated  values. 

The  detector  resDonse  to  charged  zinc  particles  of  radii  between 
1  -,m  and  5  urn  has  been  determined.  "Square"  microparticle  signals  have 
been  obtained  for  positive  and  negative  excitations.  The  charge  and 
velocity  ranges  determined  from  these  signals  are  .02pC  to  .2pC  and 
10  m/s  to  70  m/s.  Fast  risetime,  exponentially  decaying  signals,  microdis- 
:charge  noise  -esoonses,  have  been  observed  together  with  the  micro¬ 
particles.  These  responses  have  oeen  shown  not  to  be  detector  responses 
to  microparticles.  These  signals  were  oostulated  to  be  associated  with 
gap  microdischarge  activity.  In  some  cases  the  apoearance  of  the  noise 
responses  corresponds  to  the  time  at  which  the  charged  particles  were  re¬ 
moved  from  the  upper  electrode.  The  detector  response  to  overvoltages 
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has  been  determined.  Microparticles  were  produced  before  and  after  noise 


responses  which  in  turn  occurred  prior  to,  simultaneously  with,  and  after 


partial  gap  voltage  collapse.  Sufficient  data  have  not  been  acquired  to 


permit  correlation. 


Naturally  occurring  microparticles  have  been  generated  from  stain¬ 


less  steel  electrodes  subjected  to  positive  and  negative  16  ms  pulsed 


excitations.  Positive  and  negative  microparticles  have  been  produced  for 


voltages  between  16  kV  and  >100  kV  for  a  5mm  and  a  10mm  gap,  for  the  exper¬ 


imental  conditions  described.  Typical  values  of  charge  .veloci ty,  and 


radius  for  these  microparticles  lie  between  >2.9pC  and  9.6  x  10"  °C, 


=  lOm/s  and  =400  m/s,  and  >  lOum  and  =  1.2  urn.  The  number  of  micro¬ 


particles  increased  after  roughening  the  electrode  surface.  This  implies 


that  the  surface  condition  does  play  a  role  in  microparticle  production. 


Positive  microparticles  are  easier  to  produce  than  negative  microparticles. 

138 

This  is  consistent  with  the  observations  of  Griffith,  et  al .  Breakdown 


occurred  for  negative  excitations  at  lower  voltages,  before  substantial 


particle  productions  occurred.  Most  positive  microparticles  were  produced 


for  voltages  exceeding  100  kV. 


Simultaneous  gap  voltage,  current, and  microparticle  data  have  been 


produced  to  determine  the  correlation  between  the  microparticles  and  gap 


breakdown.  Microparticles  have  been  observed  which  cause  or  are  caused 


by  microdischarges  in  the  gap.  However,  present  data  imply  that  the  break¬ 


down  and  microparticle  production  mechanisms  are  somewhat  random.  This 


further  implies  that  substantial  data  must  be  taken  and  statistically 


analyzed. 


A  Marx  generator,  capable  of  producing  150  kV  pulses  of  variable 


duration,  has  been  constructed  and  is  currently  being  used  to  excite  the 


vacuum  gap.  The  Marx  works  well,  however,  noise,  induced  by  the  high  Marx 


V»  v  * 


•it  ■» 


125 

generator  currents,  preclude  the  acquisition  of  interpretable  data. 

Grounded  and  shielding  are  being  improved  to  reduce  the  transient  noise. 

Work  completed  and  reported  here  has  developed  techniques  for 
measuring  microparticle  activity  in  a  vacuum  gap.  Techniques  have  also 
been  developed  for  measuring  discharge  current  and  gap  voltage  simultaneously 
with  microparticle  activity.  Preliminary  data  have  been  obtained  which 
show  that  microparticles  are  present  in  vacuum  gaps  and  are  related  to 
vacuum  breakdown.  The  observed  microparticle  characteristics  have  been 
determined. 

Future  tasks  should  concentrate  on  the  extension  of  the  present 
work  to  short  duration  excitation  pulses  of  length  between  100  us  and 
5  ms  with  voltage  magnitudes  up  to  300  kV.  It  is  believed  these  exci¬ 
tations  will  facilitate  the  production  of  microparticles  and  allow  for  a 
temporal  study  of  their  evolution.  Additional  parameters  which  may  affect 
either  the  generation  of  microparticles  or  their  role  in  vacuum  breakdown 
need  to  be  investigated.  These  parameters  include:  gap  spacing,  electrode 
surface  condition,  and  pressure.  The  sensitivity  of  detection  of  micro¬ 
particles  must  be  improved  or  a  radically  new  scheme  developed  so  as  to 
determine  the  role,  if  any,  of  sub-micron  sized  particles  in  vacuum  break¬ 
down.  The  results  of  these  future  investigations  should  form  a  basis  for 
determining  the  role  of  microparticles  in  high  voltage  vacuum  gap  break¬ 


down  . 
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Appendix  A 


High  Voltage  Source  Trigger  Circuit 


”ne  circuit  used  to  trigger  the  hign  voltage  ac  source  is  seen 
in  Figure  1.  The  solid  state  switch  is  closed  by  a  positive  low 
voltage  pulse.  The  voltage-setting  variable  transformer  has  a  2000:1 
turns  ratio.  St  is  a  double-oole,  double-throw  switch  wired  so  as  to 

i 

allow  either  power  supoly  operation  or  voltage  setting.  The  circuit 
breaker,  main  switch,  solid  state  switch,  the  DPDT  switch,  and  the 
variable  transformer  are  contained  within  a  control  box.  The  main 
switch  pilot  light,  and  the  voltage  setting  meter  are  mounted  on  the 
control  box  front. 
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High  Voltage  AC  Power  Supply  Triggering  Circuit. 


Appendix  3 

Microparticle  Detection  System 
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"he  second  section  of  trie  Appendix  contains  additional  photographs 
of  portions  of  the  microparticle  detection  system. 

Figure  2  shews  the  high  voltage  connection  cup,  and  one  of  the  vacuum 
feedthroughs  used  for  the  electrical  connection  between  the  first  and 
second  arolifier  stages.  The  feedthrough  was  manufactured  by  replacing 
the  oore  of  the  conductor  of  a  high  current  feedthrough  with  a  glass 
tuce  through  which  two  O.QPO"  diameter  tungsten  wires  were  passed.  The 
bore  was  tnen  sealed  using  a  vacuum  epoxy. 

Figure  3  shews  one  of  the  guard  cylinders  and  the  Delrin  ring 
.wren  supports  this  ring  within  the- inner  floating  shield  (cylinder). 

Figure  4  is  a  view  of  the  floating  inner  shield.  Each  Delrin  ring 
is  held  in  place  by  3  positioning  screws.  The  circumference  of  the 
inner  shield  is  vertically  calibrated  to  ease  determination  of  guard 
and  detecting  cylinder  separation. 

Figure  5  shews  the  mounting  support  for  the  mi croparticle  detector. 
Also  shown  is  the  collector  electrode  which  is  mounted  beneath  the  guard 
and  detecting  cylinders.  The  collector  support  is  screwed  into  the  base 
of  the  microparticle  detector.  Barely  visible  above  the  detector  base 
plate  is  the  inner  shield  insulating  ring. 

Figure  5  shows  the  inner  floating  shield  mounted  atop  the  detector 
base  and  .mounting  support. 

Figure  7  shows  the  outer  ground  cylinder  which  surrounds  the  inner 
shielding  cylinder.  The  first  stage  electronics  are  mounted  on  the 
interior  of  the  outer  cylinder,  and  the  test  gap  assembly  (Figure  2.2) 
is  placed  on  too  of  the  outer  cylinder.  *'hen  currents  are  measured,  a 
thin  Delrin  ring  separates  the  outer  cylinder  from  the  lower  electrode 
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Fig.  3  Guard  Cylinder  and  Mounting  Delri 
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Figure  8  shews  the  total  detector  asseroly.  In  this  case  the  Oelrin 
ring  separating  the  lower  electrode  and  outer  cylinder  is  not  shown. 

Figure  9  shews  the  first  stage  electronics  copper  enclosure  and  its 
Cfelrin  mount.  Connection  0  is  the  first  stage  input  from  the  detecting 
cylinder.  Connection  C  bootstraps  the  detector  cylinder  to  inner  shield 
capacitance.  The  black  lead  is  ror  the  single  point  ground  connection, 
and  the  two  twisted  pair  cables  provide  an  input  to  the  second  stage  and 
power  to  tne  Tirst  stage  op-amp.  Although  not  shewn  in  this  photograph, 
the  outer  braid  or  these  cables  are  clamped  to  the  enclosure  to  ensure 
shielding  continuity. 
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Analog  V, satire  Measurements 

“he  effect  of  grounded  or  ungrounded  guard  cylinders  on  the  rise 
ana  fall  tine  of  the  detector  response  could  not  oe  conclusively  deter- 
nined  by  the  c.iarged  lead  ball  or  the  artificial  zinc  mi crcparti cle 
data.  Analog  measurements  have  therefore  been  conducted  to  determine 
their  effect. 

Resistive  analogs  can  be  used  to  measure  fields  arising  from  various 
soatial  charge  distributions .  It  can  be  shewn  that  measured  currents, 
in  the  conductive  medium,  are  analgous  to  electric  fields  in  dielectric 
medium.  Similarly,  the  analog  for  a  cnarge  distribution  is  a  current 
distribution.  The  fields  arising  in  a  dielectric  medium  due  to  a  given 
cnarge  distribution  can,  therefore,  be  modelled  by  using  a  conductive 
(resistive)  medium  and  a  given  current  source  distribution. 

The  risetime  analog  of  the  microparticle  system  has  been  constructed 
using  resistive  paper.  The  general  layout  is  shown  in  Figure  10.  The 
arrangement  consists  of  resistive  caper,  onto  which  various  electrodes 
and  shi el  as  have  been  painted  using  conductive  paint.  The  simulating 
arrangement  includes  the  detector  cylinder,  two  guard  cylinders,  an  inner 
shield,  and  an  outer  shield.  All  dimensions  have  been  selected  such  that 
the  relative  size  and  locations  of  the  analog  components  are  the  same  as 
in  the  actual  detector  system  arrangement.  All  of  the  cemponenets 
snewn  can  be  grounded  or  can  float.  Wires  are  used  to  connect  the  two 
detector,  guard  cylinders,  and  inner  shield  sections  together  to  simulate 
cylindical  ccmoonents. 

The  analog  measurements  have  been  conducted  by  exciting  the  arrange¬ 
ment  of  Figure  10  using  a  constant  current  source  and  a  moveable  probe. 
The  probe  is  placed  at  the  desired  location  and  simulates  the  charged 
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microparti  cl  a.  The  potential  on  the  detector  cylinder  is  measured  using 
a  voltmeter. 

The  measured  detector  cylinder  potential,  as  a  function  of  excita¬ 
tion  orobe  location,  is  shewn  in  Figure  11,  in  normalized  form. 

Measurements  were  made  with  seven  different  configurations.  The 
configurations  and  the  resulting  seven  curves  are  shown  in  Figure  11  and 
are  described  as  follows.  Measurements  were  made  with: 

(1)  grounded  outer  shield,  no  guard  cylinder,  and  no  inner  shield. 
The  results  are  shewn  as  curve  1.  It  can  be  seen  that  the 
response  increases  very  slowly  as  the  source  probe  approaches 
the  detector  cylinder. 

(2)  grounded  outer  shield,  only  one  floating  guard  cylinder  (on  the 
excitation  probe  side  of  the  detector  cylinder),  no  floating 
inner  shield.  The  results  are  shown  by  curve  2.  This  response 
is  also  seen  to  increase  slowly. 

(3)  grounded  outer  shield,  two  floating  guard  cylinders,  floating 
inner  shield.  These  rasults  are  shown  by  curve  3.  The 
response  again  increases  slowly.  This  configuration  is  most 
relevant  to  simulation  of  the  microparticle  detector  arrange¬ 
ment  with  ungrounded  guard  rings. 

(4)  grounded  outer  shield,  one  guard  cylinder  only.  (7ne  guard 
cylinder  is  grounded),  no  inner  shield.  The  results  are 
shown  as  curve  4.  The  response  is  seen  to  be  small  until 

the  excitation  probe  begins  to  exit  the  grounded  guard  cylin¬ 
der.  The  signal -response  then  quickly  increases  as  the  probe 
approaches  the  detector  cylinder. 

(5)  grounded  outer  shield,  one  guard  cylinder  (grounded),  floating 
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inner  shield.  The  results  are  shown  as  curve  5  and  are  essen¬ 
tially  the  same  as  obtained  in  (4). 

(5)  grounded  outer  shield,  two  grounded  guard  cylinders,  floating 
inner  shield.  The  results  are  shown  as  curve  5. 

Again  the  response  is  small  until  the  probe  exits  the  guard 
cylinder.  The  response  then  quickly  increases.  This  arrange¬ 
ment  is  most  closely  analogous  to  the  actual  experimental 
arrangement,  which  consists  of  two  grounded  guard  cylinders. 
Comparison  of  curves  5  and  3,  produced  with  grounded  and 
ungrounded  guard  cylinders,  shcv/s  that  the  grounded  guard 
cylinders  shield  the  detector  cylinder  from  the  probe  and 
effectively  "sharpen"  the  response.  This  implies  that  grounded 
guard  cylinders  should  reduce  the  risetime  and  facilitate 
the  production  of  "square  shaped"  microparticle  signals. 

An  addition  curve,  curve  7,  is  also  shown.  The  conditions  for  this 

curve  are  the  same  as  for  6,  with  one  exception.  The  data  of  1-6  were 

obtained  with  a  simulated  guard  cylinder,  to  detector  cylinder,  spacing 

of  5  mm.  The  data  of  7  were  obtained  with  a  simulated  distance  of  1  mm. 

§ 

The  results  of  6  and  7  are  seen  to  differ  very  little.  This  implies 
that  the  "squareness"  of  the  microparticle  response  is  not  strongly 
dependent  upon  this  spacing,  at  least  in  the  range  of  1  mm  to  5  mm. 

It  should  be  noted  that  the  effect  of  the  "virtually"  grounded 
inner  shield  has 'not  been  taken  into  account.  It  is  presently  not 
known  how  to  resistively  model  (using  analog  paper)  the  "bootstrapped" 
or  actively  maintained  ground.  The  inner  shield  has,  therefore,  remained 
floating  for  the  results  reported. 
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